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ABSTRACT 

This study addresses itself to the problem of the development of acceler- 
ated reliability test methods for mechanical and electromechanical parts.    The 
expected life span of these classes of parts is extremely lon^ when they are 
used under manufacturers' rated conditions.    Therefora accelerated test 
methods are required to reduce the time period required for the verification 
of the reliability characteristics of these part types and to reduce the expenses 
associated with these tests. 

The specific parts selected for study were: 

1. Snap Action Switches - MS 25085-1,  5 ampere,  250 volt AC,  single 
pole,  double throw,   subminiature 

2. Crystal Can Relays- 3 ampere,  28 volt dc contacts; double pole, 
double throw; 675 ohm,  26. 5 volt coil 

3. Mechanical Seals (O-rings) - AN 6227B-11; OD - 3/4", ID-9/16", 
cross sectional width 3/32"; material: Buna-N rubber 

4. Timing Belts -  1/5 pitch,   12 inch pitch length.  60 teeth,  .037" width. 

The parts selected were chosen because they represented large generic 
families of high usage rate. 

The search for an accelerated reliability test method for each of the four 
parts included in the study were conducted by selecting a combination of 
operating and environmental stresses and by applying them at higher than 
manufacturer's rated level of suggested operation.    Part* «.ere also tested 
at manufacturer's rated conditions tc create data for ccnparison on parts 
from the same manufacturing lot. 

The physical test methods used were developed during the study and were 
designed to control the accelerating stresses being applied.   The statistical 
test method employed was a full factorial experiment with replications.    It 
was selected in ordei to be able to evaluate main effects and interactions in 
searching for the most elticient accelerated test method. 

The mean life of snap action switches was affected by the application of 
various levels of contact load, actuation rate, and contact overtravel, and by 
the interactions between contact load and actuation rate and contact load and 
contact overtravel.    The failure times of these partn fit Weibull distributions. 
The fits were made by calculating a linear regres^.on line by the method of 
least squares.    Tests for gbodness of fit were park ?med to verify the 
Weibull fits.    The cumulative failure distributions auJ hazard rates were 
calculated for the parts operated at manufacturer's rated conditions  (Test 
Run I) and for the parts operated at each of 26 combinations of accelerated 
conditions. 

An analysis of the failed switches indicated that mo*t of the parts failed by 
burning of the contacts.    As contact load increased there was a tendency to 
experience a failvre mode change in the form of welding of the contacts. 
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Based on the above mentioned analyses performed on switches, the most 
favorable stresses to be applied as an accelerated test method were: contact 
load-10 amps; contact overtravel-. 010 inches, actuation rate-150 to 300 
cycles/minute. 

The mean life of crystal can relays is affected by contact Load, ambient 
temperature, and by the interactions of contact load and temperature.    The 
failure times of these parts are in most cases distributed according to the 
Welbull distribution.    Cumulative failure distributions and hazard rates were 
calculated for each set of stresses applied in combination.    The predominant 
failure mode in the relays was erosion and material transfer between the 
normally open contacts and blade.   At higher contact loads contact welding 
occurred frequently. 

From the analyses performed, desirable accelerated reliability test 
method« for crystal can relays were specified.    They call for 6 amps contact 
load,  150oC ambient temperature, and 10 cycles per second actuation rate 
or 6 amps contact load,  250C ambient temperature and 30 cycles per second 
actuation rate. 

The life of O-rings was affected by both temperature,  ultraviolet exposure 
and by the interactions of these two stresses.    Temperature contributed most 
heavily to reducing part life.    The temperature range studied was 200° to 
2750F.    The failure times were according to the Weibull distribution.    The 
predominant failure mode observed was radial cracking with a lesser amount 
of circumferential cracking.    In the case of O-rings it was not possible to 
run a test at normal operating conditions and observe any failures during the 
one year study period.    Therefore it can only be said that the life of O-rings 
decreases over the stress ranges studied but with no reference to normal 
stress levels. 

Timing belts were studied at normal and severe levels of load and pulley 
diameter in combination.    Not enough failures were observed to arrive at 
any conclusion«. 

The test of whether or lot the accelerated reliability test methods specified 
for switches and relays art truly valid depends on whether the results 
otained from them can be translated to parts operated at normal conditions. 
In order to make this translation, five mathematical models are presented 
as possible representations of the failure laws operating when parts are 
operated at different levels of combined stresses.    The five models are 
variaiions of time transformations on: the cumulative failure distribution, 
the hazard rate, and the ratio of the hazard rates.   The validation as to 
which of these model« be«t represents what happens in an accelerated test 
must await further study. 
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BwLatlcm 

Tbt over-all objectlvs of the progrui, of which this effort wa • pert. 
la to develop optima techniques for the deskonstratlon of the reliability 
of nonelectronic parts and components. This effort lad as objeetlvea the 
developuent of accelerated test methods which would reduce the time and cost 
associated with the testing of four specific ecmponsnts and the development 
of oathenatlcal models to relate the reliability under accelerated stress 
conditions to the reliability under nonal stress conditions. SM com- 
ponents Investigated were a autminlature anap-actlon switch, crystal can 
relay, "O" ring mechanical seal and a rubber timing belt, lapbasia was 
placed on the first two components. 

A full 3x3x3 factorial experiment was performed on both switches and 
relays so that both the main effects and the Interactions could be measured. 
Analysis of the results showed that the data for both components fits the 
Welbull distribution. A failure acceleration Actor on the mean life of the 
switches of 75 and on the mean Ufa of the relays of 25 was realized. Since 
the lives follow the Welbull cumulative distribution, the time tzmnsfer 
function cannot take the form of y ■ ex.  Rot only Is there a com- 
pression of time, but the parameters of the Welbull distribution« (nonml 
v« accelerated) are not equal. Htm  transfer functions developed take the 
preceding Into consideration. The failure times of the O-rlngs under 
accelerated conditions were according to the Welbull distribution. Ho 
fhllures were developed under normal conditions and thus it can only be 
said that the lives decrease as the stresses Increase. 9M experiment on 
the timing belts ws Intended only as a probing test, raw flailurma 
occurred and there appeared to be little decrease la life vlth increaaes 
in the stress«* itudled. 

The results of this contract serve to orient the second phase of 
program whlc* will determine the validity of these result« aa they pertain 
to functionally similar switchss and relays manufactured and mpplied by 
other companies. ^'    ' 

DOHALD w. rvuron 
RADC Project Engineer 
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SECTION 1.0 INTRODUCTION 

1. 1   STATEMENT CF THE RELIABILITY TESTING PROBLEM. 

In general,   statistical theory shows quite clearly thit the precision of the 
estimates of the parameters of life distributions depends on the degrees of 
ir^edom available to estimate them.    Degrees of freedom, for all intents 
and purposes translates into sample size.    It is here that problems peculiar 
tu life testing occur: 

1. Sample size for life testing is not the number of items tested neces- 
sarily but is the observed number of failures. 

2. The observed number of failures usually depends on the reliability 
of the device in question. 

Since the reliability of mechanical and electromechanical parts is often 
very high it requires a good deal of time/parts to obtain worthwhile reliability 
estimates.    There are a number of approaches to overcome this objection. 
One of them consists of reducing the confidence level.    This amounts to 
decreasing the precision required and is really begging the question.    Sequen- 
tial testing may afford an optimal approach in many cases but large test 
times/parts still result.    Another approach which appears satisfactory but 
is in the too distant futuie is the use of prior information in the test.    This 
is often referred to as Ba/es sampling.    11 done carefully,  one of the most 
useful approaches is that of accelerated testing.    For particular parts this 
method is studied in some detail in this report. 

Briefly,   accelerated testing consists of actually changing the parameters 
of the failure distribution so the failures occur earlier and the required 
sample sizes become available much earlier and hence testing costs are 
lower.    In using accelerated testing ore must be careful th&t the mathemat- 
ical model used to relate the normal and accelerated environments is indeed 
representative of the physical laws operating.    This report present» some 
intuitively appealing mathematical models which will be validated airing 
future study. 

1.2   OBJECTIVES OF THE STUDY 

The objectives of this study are: 

1. To determine the effect« on the lifetimes of relays,  snap action 
•witches,   mechanical seals (O-rings) ana timing belts of various 
combinations of operating and environmental stresses. 

2. To determine the relative contributions of these factors and their 
interactions to part lifetime variability. 

3. To determine the failure modes and mechanisms operating at each 
selected combination of operating and environmental stresses. 

/ .! 
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4. To develop an accelerate«' test method for each part under itudy 
which reduces test time f nd test expense and which,   except for an 
acceleration factor,   repieients life under normal conditions. 

5. To present methods that will allow normal lifetimes to be estimated 
from accelerated lifetimes. 

1. 3   DEFINITION OF ACCELERATED TESTING. 

The definition of accelerated tests used in thi» report diffci« in several 
important respects from the common definition.    The prevailing definition ol 
accelerated tests can be grouped roughly into two classes. 

1. A test is accelerated if the operating and/or environmental paiamcters 
exceed normal use conditions. 

2. A test is accelerated if the cumulative distribution function (cdf) under 
normal conditions,  FN(X),  and the cdf under accelerated conditions, 
FA(X).  are such that: 

a) FA(x) 2 FN(x) for all x 

b) FA(X) > FN(X) for at least one :c 

Obviously definition 1 above r-.^y be necessary, but not sufficient,  i.e.,   rapid 
failures always occur in both extreme operating and environmental stresses. 
Accelerated conditions do not necessarily mean rapid failures.    Definition 2 
is too restrictive in one sense and too loose in another.    It is too restrictive 
because it may be unrealistic to require FA(X)  2FN(X) for all x.    In fact it 
may be sufficient to require FA(X) > FN(x) for x < x*.  x* large. 

It is too loose because if FA(X) = Fj^x) for all x and FA(X) > FN(x) for a 
set of x on which it is large, then definition 2 is satisfied but the acceleration 
is certainly not rapid.    These ideas are shown in Figure l-l.    Figure 1-2 
shows a situation where definition 2 is not satisfied but yet it may well be 
satisfactory as an accelerated test if x* is Urge enough.   Of course. Figure 
1-3 represents the most desirable relationship between FA andJFfj. 

Also the present definitions fail to account for the importance of the 
hazard rate and mean life.   It is after all,  mean life that reflects the expected 
length of test and hazard rate reflects the "kill rate" as a function.    For this 
report then an accelerated test will be defined as:   A test conducted at some 
combination of operating and/or environmental loads which: 

1. Preserves the modes of failure experienced at normal conditions. 

2. Results in significantly lower (than normal) mean lives so that 
expected test times are lower. 

3. Has the property that FA(X) > rN(x) for all x < x*. x* large. 

4. Has the property that the hazard rate htfix) and hA(x) are such that 
hA(x) > hN(x) for all x < x*. x* larg-s. 
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t^rol'wingU^^0" ha9 beCr' 9CleCtCd'   ^ " tht,n POSSlblp lo -omphsh 

1. Select an accelerated test. 

2. Develop mathematicul modrls to reflect the physical laws opcratine 
between accelerated and normal conditions so that normal testin« 
can be euminatec'. ^ 

3. Validate Models. 

The remainder of this report is concerned primarily with 1 and 2 above 
Step 3 will be studied in future efforts. aoovc. 
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SELECTION

 
OF

 
AN

 ACCELERATED RELIABILITY 

.  iTve,ffCt0r5 t0 be    jn8idercd in the specification of an accelerated reliability test method are that it must: cccierated 

• Itrel'u leveU0'1" ^^ life than that 0f partS 0Pcratcd at n°r'™ 

• require the use of acceleratin« stresses that are easily applied, 
controlled,  and measured.    They should be stresses that have been 
proven in their ability to reduce the life of the part of interest. 

• not result in a failure mode different from that observed in parts 
operated at normal conditions. ^ 

• impart to the devices tested,  a cumulative failure distribution that 
re.ult. in failure more quickly over a given range of te« time than 
other potential accelerated temt methods. 

• produce a ha^rd rate in the parts tested that is higher at all points 

condit^r range ^ intere!,t than ^ 0f ^Tta 0Perated at normal 

• ^^f*^1* t0 the •imultaneo"» application of more than one accel- cTAiing stress« 

• t«?^'C.»ibed by,the •.*?• general failure di'tnbution function as parts 
tested at normal conditions.    The requirement is not that the param- 
eter. be the same but that it. life characteristic, must be exp^essable 

ltr«.?eveUm'      matiCal termS " lh0,e 0f **"* 0Perated ^ noVma! 

• re.ult in the .hortest possible test in termn of calendar time. 

• re.ult in an economical te.t method with regard to test equiomem 

I^ysf. .y^em?""8 prOCedure" needed' and the *"* collection and 
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•   prodMcc test results from the accelerated test that are translatable 
back to how the parts would have performed had they been operated at 
normal stress levels. 

The matrix shown in Table I -1 is a checklist to be applied to accelerated 
reliability test methods that are developed in this study in order to select 
those that appear to have the most merit. 

TABLE 1 -1. FACTORS FOR SELECTING DESIRABLE ACCELERATED 
RELIABILITY TEST METHODS 

Factor Test Run 1 2 3 4 5 6 7 27 

Short Mean Life 
Controli.ibl" AcccWfratinu Stresses 
Constant  Failure  Mode 
Cumulativo  Failure Di-tribulion 
Hazard Rate 
SaM.f Failure Distribution 

. Short Calendar   lime 
K^ onomu il 

There i~, no attempt to weight the factors for purposes of tradeoff ptudie«, 
but it ib expected that a specified accelerated r» liability test method in order 
to   le cor side red,   should possess positive attributes in each of the above 
factors. 

1. 5 STUDY APPROACH 

1. 5. I SELECTION OF STUDY METHOD 

In deciding the methodology to follow in searching for accelerated relia- 
bility test methods it was apparent that there was a need for »he generation 
of data on the life of parts when operated at several different operating and/ 
or environmental stress levels.    In addition to requiring knowledge of relia- 
bility characteristics at different levels,  information was needed regarding 
the interactions taking place when two or more accelerating stresses were 
operating on a given part, in order to take advantage of auy synergistic 
effect» which might result in reduced test times.    Thia requirement dictated 
the use of a factorial experimental design which allow« the evaluation of each 
main effect and all interactions. 

Another requirement of the study wa* to make observations that would 
lead to an estimation of the life distribution function«.    Hence a number of 
replications in each test cell of the matrix v/as specified. 

1. 5.2   SELECTION OF PARTS FOR STUDY 

One of the stated objectives of the study is to develop accelerated relia- 
bility test methods for mechanical and electromechanical part«.    Ther« are 
thousands of parts and hundreds of thousands of applications to which the 
study could therefore apply.   Ir order to direct the study into specuic 
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channels,  two electromechanical and two mechanical part» were »elected. 
The pArts selected were one« that are widely used and are representative 
of lurge generic parts groups to which tie study results might possibly 
apply. 

The specific parts selected for inclusion in the study program were a» 
follows: 

1. Snap Action Switches MS25085-1 

Contact rating is 5 amps and u? to 250 volts AC; single pole double 
throw,   »ubminiature type.    Actuation is by means of a roller leaf 
spring. 

2. Crystal Can Relays 

The relays are double pole, double throw, with a contact rating of 
3 amps, 28 volts DC. The temperature range is -650C to +1250C. 
The coil U rated at 675 ohms, 26. 5 volts. 

3. O-Rings AN6227-B-11 

The parts are of Buna N type rubber,  with an OD of 3/4" and an ID of 
9/16".    The cross-sectional width is 3/32". 

4. Timing Belts 

These parts are 1/5 pitch,  12 inch pitch length, 60 teeth,  .037 inch 
width.    The teeth are of neoprene with nylon facing.    The tension 
member is steel cable with neoprene backing. 

I. 5. 3   ENVIRONMENTS APPUED IN COMBINATION AND SEQUENTIALLY. 

The factorial experimental design used in th-'a study ptuvides for environ- 
ments applied in combination.    In order that the selection of a factorial 
design will not appear arbitrary and because of the "apparent" popularity of 
sequentially applied environments some remarks comparing the two methods 
ol testing will be made. 

It would appear that the submission of units to a sequentially appU*d 
e wironment say first shock, then vibration,  then temperature, etc. ,  is hard 
to justify on any except economic grounds.    Certainly environments are not 
so "nice" that they occur sequentially during actual use.    In fact it is to be 
expected that environments occur in combination under normal use conditions. 
Moreover the synergistic (interaction) effects which may be caused by 
environments acting together are immeasurable by sequentially applied tests. 
A great number of these effects were observed in this study.   As part quali- 
fication tests then, the sequential tests fail to measure up UNLESS IT HAS 
BEEN PREVIOUSLY DEMONSTRATED THAT THE PARTICULAR TEST 
CYCLE USED WELL REPRESENTS HOW THE DEVICES BEHAVE UNDER 
USE CONDITIONS.    Actually this is, theoretically,   not an insurmountable 
objection.    However, the sequentially applied environments tost as an 
accelerated test tuffers from more serious objections.    First it may be 
inefficient from ihe standpoint of requiring too much time because the 
environments are applied sequentially and because any additional "killing" 
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effect» due to interactions are lost.    Secondly,   and v«ry importanMy,   it is 
oitcn very d.ffuuit to interpret physically (i. e. ,   in terms of physical laws) 
what is happening to a device when subjected to sequential environments. 
Since normal u«r condiiion» cannot be described in term» of a sequentially 
applied environmen' it is difficult to relate normal and accelerated conditions. 

1.6   OUTLINE OF REPORT 

The remainder of this report is a presentation of the daU generated 
during this study together with the conclusions and result» based OT the 
analysis of the data.    The results pertaining to snap action switches are 
presented in Section 2,   to crystal can relays in Section 3.  to O-rings In 
Sect.on 5 and timing belts in Section 6.    Each section begins with a summary 
of the findings.    This is followed by a tacle of times to failure for each part. 
An analysis of variance was then performed to identify the stresses and 
interactions of stresses which had a significant effect on the me*n lives of 
parts tested under each of 27 combinations of different stress levels. 

The times to failure of all group» of parts tested were analysed to esti- 
mate their underlying life distribution functions.    The life Ui6tribution8 
were plotted en Weibull probability paper and goodness of fit tests were 
performed.    Cumulative failure distributions and hazard rates were cal- 
culated for the part» tested at normal »tress level» and for each of the 
other group» of part» tested at combinations of accelerated stresses 
Included in each section is an analysis of the failure mode» and mechanisms 
acting on part» operated at normal stress levels as compared to those found 
on part» operated at the various combinations of severe stresses.    The final 
paragraph of each of the sections relating to the specific | arts studied is a 
selection of the set of combined stress levels from among those studied 
which yields the most promise for use as an accelerated reliability test 
method. ' 

Section 4 is devoted to a presentation of the mathematical models studied 
as po»»ible representations of the physical effects caused by the application 
of combined accelerated stresses.    This relationship between the mean life 
of a part operated at normal stresses and one operated at accelerated condi- 
tions must be established before an accelerated test method has ifteaningful 
value. ^ 

Section 6 contains Conclusions and Section 7 is titled Recommendations. 
The appendix contains a description of the test methods used,  details of the 
failure analyses, and graphs relating to the life distribution* of the parts 
included in the study program. 
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SECTION 2.0   SNAP ACTION SWITCHES 

2. 1   SUMMARY 

There were 270 snap action switch*»', subjected to life tests.    Tea parts 
were tested at normal operating and environmental conditions (Test Run 
1:5 amps contact load,   70 cycles/mini te actuation rate,   ana    005 inches 
contact overtravel).    Ten parts were also tested at each of 26 other combin- 
ations of stresses which were evaluated for utility as accelerated reliability 
test methods.    The number of cycles to failure was recorded for each part 
at both first miss and at total failure. 

An analysis of variance was performed on each set of data in order to 
determine those stresses and combinations of stresses that contributed 
significantly in reducing switch life. 

The following stresses were found to affect switch life at their respective 
failure definitions: 

1st Miss Total Failure 

Contact Load X X 

Actuation Rate X X 

Contact Overtravel X X 

Interactions (Contact Load & Overtravel) X X 

Interactions (Contact Load & Actuation Rate) X 

The next step in the analysis was to estimate the magnitude of the contri- 
bution to variance of each of the significant effects.    By far the greatest 
effect on switch life, was exerted by contact load.    With failure defined as 
first miss,  contact load produced 74.6% of the total variance.    Using the 
total failure definition it accounted for 67. 4% of total variation.    The other 
significant main effects and interactions were each responsible for from 
1. I to 7. 0% of the total variation.    Residual or unexplained variance was 
13. 3% for first miss and 17. 1% for total failure. 

Student's t test was used to group the test runs that could have come 
from populations   /ith the same mean.    The reason lor this was to compare 
the mean life of the parts tested at normal conditions (Test Run 1) with 
those operated at accelerated stress levels.    In general,  all Test Runs which 
utilized a contact load of 5 amps, exhibited no differences in mean life from 
Test Run 1.    Hence this level of contact load was not feasible for use as an 
accelerated test.    The parts operated at 15 amps displayed a change in 
failure mode in the form of welding of the contacts.    Also the test runs at 
10 Amps and .005 inches overtravel exhibited failure modes that changed to 
welded contacts from the burned and eroded contacts of Test Run 1.    Hence 
none of these meet the criteria for accelerated test methods set down in 
Section 1. 
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The failure times of the switches tested at normal stress levels (Test 
Run 1) and thob- tested at combined accelerated stress levels were plotted 
on Weibull probability paper to ascertain if this was the life distribution 
function which best described the reliability characteristics of these parts. 
Several goodness of fit tests were used to verify that switches operated in 
this manner failed according to the Weibull distribution. 

The Weibull shape parameter (/}) and scale parameter (a) for each test 
run were calculated as well as the cumulative failure distributions and 
hazard rates for each set of stress levels included in the test.    The Weibull 
location parameter (Y) was assumed to be zero. 

In summary it is noted that the results obtained regarding significant 
stresses and interactions which affect the mean number of cycles to failure 
of snap action switches where failure is defined as first miss are quite 
similar to those found when the tests were continued until total failure of 
the parts.    This fact is in itself a form of desirable accelerated test since 
test time can be reduced with high assurance of obtaining similar results. 

A further measure of the agreement between the results of the analysis 
öf life test data with the tvo different failure definitions was obtained by 
calculating the correlation coefficient.    The .972 obtained shows that there 
is a high degree of agreement between the two sets of test results. 

After evaluating all the data generated there were two test runs which 
exhibited desirable characteristics for use as an accelerated reliability test 
method.    These were: 

Test Run #14 (10 amps contact load,   . 010 inches contact overtravel, 
and 150 cycles/minute) 

Test Run #15 (10 ampa contact load,  . 010 inches contact overtravel 
and 300 cycles/minute ) 

2. 2   DETAILS OF THE INVESTIGATION 

2. 2. 1   STRESS SELECTION 

The manufacturer's data and discussions with-the manufacturer's repre- 
sentative indicated the following "normal" operating conditions for the single 
pole, double throw snap action, switch (MS 25085-1) selected for study: 

Contact Load  Samps 

Temperature range  — 100*F to+I80*F 

Mechanical life -------.-----.  50,000 operations minimum 

Operating force (at plunger)     3 to 5 oz.  (85 to 142 grams) 

Release force  ---...----  1 ox min.  (28.4 grams) 

Wtr 



Overtravel     . 005 inches minimum 

Actuation rate        up to 300 cycles/minute 

Vibration     5-2000 cps.   . 03 double amplitude 
with no contact bounce 

Shock     50g,   11 Bee. with no contact bounce 

Not designed for application in humid,  corrosive,  or dust atmosphere. 

The following test conditions were considered for inclusion as stress 
variables to be applied to the switches: 

Actuation rate 

Vibration 

Temperature 

Atmosphere (Oxygen rich,  corrosive, other) 

Overtravel 

Contact load 

Contamination 

Criteria for selecting the stresses to be applied included: 

1. probable effect of stress on life and/or test time 

2. probable effect on failure mode 

3. uniformity of application at various stress levels 

4. test setup complexity 

5. ease of control of stresses 

6. accuracy of measurement of stresses 

This resulted in the selection of: 

Actuation rate 

Overtravel 

Contact load 

as the variable stresses to be applied to the tests. 
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earW^misHattrn V' * H CtU
f
atl0n rate8 above 325 cPm ««^ in a random 

t?on TheMLll re8ultl,J8 t™™ actuator miss rather than switch malfunc- 
•WmJr- ,      » KPpe! hmit of 300 cPm wa» estabUshed.    The lower or 
dWidTd hv r. J38 ba"d Primarily on the ProJect caJen<fcr time availlwe 
tZ\,u A?      , forcefa8t of 8witch life,   time« the number of «witches      This 
selec ^ in a l0r w1^14 0f 70 CPm-    An intermediate value o    150 cpm was 
The iilfianrof tiLhH maximu

u
m ™d *>*** ** minimum actuationTate 

fm.nH » / Batches was checked for maximum overtravel and was 

0T0 incheT^r * ^ t0 ' ^ inCheS'    ***** on the« «tudfe.    Ol" and 
-irtr^rorooV^ie"!" 8eleCted ^ C™V™'™ ^ a ^fined •'normal" 

bina^iroTsVre1::!8,"6" performfcd on -itch" -der the following com- 

No load.   .007 inches overtravel.   160 cycles/minute 
No load.  .010 inches overtravel.   160 cycles/minute 
5 amp load    . 004 inches overtravel.   160 cycles/minute 
£» amp load,   .005 inches overtravel.   70 cycles/minute 

At the no load conditions,   not enough failures would have been observed 

cv^ef     T. "^ Peri0d-   At 28 VOlt8'  failure occu"ed in from 10 to tir 
occurring    " Wa8 eXtremely "-" and fail-e m^ Ganges were obviously 

The rated load of = amps was chosen as the lowest value since it do-. 
n'eTther^     "T1 ^T*'"   S""ning test, at 10 id 1 5 amps yielded 
nerther extremely short life nor strong indication, of failure mod'e conges. 

A summary of the overall stress selection is: 

AppMea Stress Normal Intermediate 

Actuation Rate 

Overtravel 

Current 

70 cpm 

. 005" 

5 amps 

150 cpm 

.010" 

10 amps 

Maximum 

300 cpm 

.015" 

15 aihps 

detailed"? Appe^^V'^r ^ ^ ^ ""*** *** ^ «^"^ *"* i- 

2. 2. 2   STATISTICAL EXPERIMENTAL DESIGN 

e study to develop accelerated reliability test methods for snan acti™ The 
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Foi convenience in the di«cus«ion of result« throughout thi» report,   each 
cell representing 10 switches tested at a combination of environmental and/ 
or operating stresses has been numbered as shown in the Table. 

Tost Run Number 1 was selected as a condition ihat represented manu- 
facturer's rated operating conditions.    The other test runs comprise dif- 
levent combinations of the stress levels being studied and they were selected 
for the purpose of measuring both the effects on switch life of each main 
effect and of all their interaction». 

2. 2. 5   DEFINITION OF FAILURE 

One of the objectives of the study was to determine whether the same 
information could be obtained by: (1) testing until the first signs of inter- 
mittent operation occurred and |2) by testing until the part was completely 
inoperable.    This resulted in two separate definitions of what constituted 
failure.    A record was maintained of the number of cycles at first miss for 
each switch.    After first miss,  the testa were continued until total failure. 
Total failure was defined as 100 consecutive misses.    Two separate analyses 
of »he data gathered during the tests are analyzed in the next section to 
determine if these two failure definitions result in similar conclusions. 

2. 3   PRESENTATION OF TEST RESULTS 

The factorial experiment on switches consisted of 27 Test Runs each con- 
taining 10 parts.    Test Run 1 (5 amps contact load,   .005 inches contact over- 
travel,  and 70 cycles/minute actuation rate) was defined as normal operation. 
The other 26 test runs consisted of combined stresses of 5,   10, and 15 amps 
contact load,   .035,   . 010 and . 01 5 inches overt ravel,  and 70,   150,   and 300 
cycles per minute actuation rate.    The combined stresses were utilized to 
evaluate the effects on mean cycles to first miss of the main effect of the 
three stresses employed (i.e., contact load, overtravel,  and actuation rate) 
anJ to investigate the significance of their interactions.    The results of these 
tests are shown in Table 2-2.    The mean life of each test run is designated 
as x and is located below the individual readings for each of the 10 switches 
in a test run.    The test run number) are in the upper right hand corner of 
each cell in the matrix. 

The 270 switches tested and reported on for first miss data in the previous 
paragraph were continued on life test until total failure.    This was defined 
as 100 consecutive misses.    The cycles to total failure of each switch are 
presented in Table 2-3.    The mean value (x) of the 10 switches in each test 
run is included with the data. 

2. 3. 1   ANALYSIS OF VARIANCE 

13 

The statistical method used for discovering the stresses or combinations 
of stresses which affect switch life was an analysis of variance.   It is based j 
on the assumption that there is equal variance in each cell of the factorial \ 
experiment and that the values in each cell are distributed approximately 

i 



diJtl '' Mk AX 

«> « r* 
M Mi «M « % 

m « 
• tf>r>««ov«»-n 2; ^««Om^^^tr — IM 

MO^O******* ^ 
r»     OVMUC^CM H M r- M ir     o^* fsT <M' V V "O N 

• 

** ^ »« 

«* « <r * 2 <M *M 

1 o 
• 
s 

O1 

m ^ 
tfl * «• 

m 
"•♦••«♦•«{•«»IXC— ■ H *; V r-' r*' —'        + m' « 

• M •K 

• 
•■ o i • it * ^ « 

• M ▼ fMr-^t^iOOMMj»«. **! 
m vi*9- i*fr- m m * ■ «exMnv-««^-.« 

3 — >r«t-iM — ««r-« *M —      M>0 «      ^ f*\ *K 

3 <• r- 
H • • « 

o 
• «JSS • SSm«S 

m 

IT r-^MO — — f^«Mtfs — 

•^ 

s 
a 

* m 

$S2?;?s;S3s 
N 

■ M «♦««»«•»♦in     « 
H 

•--3ä«;;s5 *K 

3 m » u 0» ^ ■• «B 

>• 
u E b * • • • « ** 

< 
e 

o S55533SS5S r-* r-«TO«4«Ol0 — V «^ »^ 
a •« v »^ »-■ -" •»" V r-* o - N N 

fnf^t/>^00>Mmi/\f^ T 
X 
u 

♦ IM —              —              — • M — M        rsi        m        «• 'K 

o •» 
5 I 

• 
• :„_  r- 

O 

N 

*4 

N 
•        »«              " 

< 
f* r- • »^ «M St •*! « 

• e 7, o 

0^ 

M * r»" C^ W M* — #x m wC " "■ 

3 
2 

— r-»>"iA»«*i — ^ rf>itr><o*r4>'^ — o^o 

• 

—                — —           IM — • If fSI        —        U  *4 *4 — *4 •K 

: m 
m • r- 

m 
•A r- 

Ok o 
o 

*M « 
1 ir«Otf<a-aD-MOo-M 

^^rf***-^^-^ #*» 
■o 

• «•*>* — 3*Mrfl 
,, "■ 

•M««v«<ro««<o 
*" """" •«'>l--- — ""         •■ — M* • M -•         M iir —                            AJ  _.-.__   *J • * 
„ *> n* * •• • »> % fSI 

§ 8??S53S3S? r-' 
• 

• j'^^^r-^^^^ 

^4 

r-r-*r«Bf*»rr»00»' 
*H •- — —          — — iM - —               - - — •« 

1 • a z i 

11 i 
c 

So 
oft.' 

2u 

* 
•(■H uo|i«ni>V 

14 



rl 

u 
BE 
O 
J 

u. 
J 
< 
H 
O 
H 

0 

a 
u >• 
o 
in 
U 
X 
u 
t- 

— r- r> o o • o v o      ,, 
-•- — — KIKMMIM       IM 

« M na M 9» m tft e ^ «    «• 

«♦Nm*     m — — n    IM 

— ««»o^ — ««IM      " 

•M «< * * ♦ * — H(Mm      .| 

m_i>. m_ v _ _ n «> « 
N» mm»« • « o ?■ *> 
•r ir N mxl « v v» m " 

— iM 

<r r> « 5 • 5 m v> • — w 
» O m v m « « M _ •> "M 

—" 51 T —"«" V —" "i • « " 
•"»**«—♦ m 1M oj IH 

r-r-o-— r-a> m v o 8     - 

—     — —     — — _.>« 

v M ^ A4 ■> r> r-^ in ^1     *•• 

— «M 

— >*< N M ^ m • »> »■. » 
» « «i x • in «I • • «     *> 
x in •< * •• m < m «i —     — 

i "" <M f J "" — < • 

N <M « HI—« « « « «       • 

♦ •« «r» »-f» m < < m     IH 

«Ä ^ r* r» r- N 
S"'-" -«»" o < M" ♦ *r • 

** (D * F» in • *j r-9>     *» 

9» -■ in r< tfi ^ ■■ ««i     * 
— • ♦ f     •* 

m — mvvotxiaix«     in 
«r>innini«»v>ir'in     ■* 

r-• < * o p-» m <■»    IK 

—     N ♦ — V »i «f 

«infsjin^9>^^^ A 
«•Mom — «o«o> 
^in9><oo*if4inin.« 

minMO'A'Aino^^ Oinr»f^o0^«okn ♦ 

■* »n « r* «r ■»> i' ^> r»* X M 

tf% 9^ in m ^> in «Et «^ *• ^ «K 

m^minm^iov-Ain ^r 
«•nr>a«is,or>-9>o * 
9>^r«r«^oo>Ar«^ m 
N wC 9^ 9» —' M -- 9* V 1* ^ 
^^»^«Oin^^^^n- IM 

«ooo^>tnn> — 9>m 
mOM««mv«om 

M' — n a' o — >\i ^ m — in9r*9t^^^,£r»^ 

"^" •" V m" — r-' r»" ■& V _'      " 
^ 0 Ml >o       •        ^rO<4)      ix 

oooooinvomtfi 
^•vr^Vin^^iMtfi ^ 
— «I 9-O » f-O » 9> « Jj 
*»* — **•-■* min« 
• « T 9 O « O « 9> — * 
— <M IM M N M <M -• —. M IH 

« » 
0| > J 

I <5 

— V o ♦ * »r « o* •& &     m 

— M — aOiTO — — O 

K O ^' — r** ao *•> m *ö ch       * 

<A — äJ r** ^> »>r — o" <*s f" 

5 ? 

• ▼«* — « — «o**     — 
f" »M* • « «•' »■'« rfC A« ©r 

o' « r»' o V o* f*' • tr *      u 

O N ff- < i^ T ^ — r* r*       O 

O o «C o »•' V V r^ o m       „ 
«4<M        — — A4fM4S|fs|Aj       i4 

•J -T V »r M" -C —" oT ^f —' 

—        —        *j -. — *| >-. «M       «K 

Z 
i 

inr»ir)r*>^r« — M4^I«. 
iniMAi^r«o%9> — Mao      * 

•e «i "C N r»' o* 9-" »■* — 9?     _ 
«r~*«o*iinaeo9' — — — — — •< — — M—    . x 

z 

c* f^ -o r-' r»" ir « o v » 

oO. 

2u 
'l'U uoiimoy 

15 



numl 

normally.    An intpection of the test data on cycle» to first rms» of switches 
indicated that this was not the case.    However a method of dealing with this 
problem is suggested by Davies (Reference 14).    It involves the use of a log- 
arithmic transformation when the variance is proportional to the magnitude 
of the mean.    The transformation was used prior to the performance of the 
analysis of variance. 

The results of the analysis of variance on first miss are shown in 
Table 2-4.    The same information based on total failure is in Table 2-5. 

The ?sterisked numbers in the "F Ratio" column of these tables denote 
the sources of variance that significantly alfect the lives of the »witches 
included in this series of tests.    The contact load,   actuation rate,  and 
contact overtravel main effects and the interactions between contact load» 
and overtravels are significant at the F. 05 level v here the failure definition 
is first miss.    Where it is total failure,   the same effects are significant 
plus the interactions between contact load and actuation rate.    The indication 
of significance of the interactions is a signal that a synergistic effect i» 
taking place.    In other words some phenomenon takes place when the two 
stresses are applied in combination that could not have been detected if the 
stresses had been applied individually or sequentially. 

Knowledge of the significant effects and interaction» affecting the 
mber of cycles to first miss is important.    However it is equally i...r_. 

to measure the magnitude of the contribution of each significant factor or 
interaction to the total variance observed.    This was accomplished by calcu- 
lating the Components of Variance.    The results of these calculation» are 
shown for the first mis» as the % Contribution to Total Variance column in 
Table 2-4.    It indicates that contact load is responsible for 74.6% of the 
observed variance.    The interaction between Contact Load and Overtravel 
contributed 7.0%. Overtravel 4.0%,  and Actuation Rate 1.1%.    The residual 
amounted 13. 3%. 

The Component» of Variance analysi» for total failure is shown as the 
right hand column in the Analy»i» of Variance Taole 2-5.    The re»ult» 
obtained here are in basic agreement with the fir»t mi»» data in that contact 
load i» by far the largest contributor to variance (67. 4%).   The contact load 
and actuation rate interaction is 6.0%.  while the conUct load and overtravel 
interaction represent» 2. 2% of the variation.    The residual term i» 17. 1%. 

2.3.1.1    t TEST 

The analy»i» of variance highlighted the main effect» and the interaction» 
that affect the life of »witches.    The components of variance indicated which 
of the significant effect» and interaction» exerted the greatest effect.    The 
t test wa» used to indicate whether the »tresa caused the mean life to in- 
crea»e or to decrea»e. 

mean 
qually important 
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Since the interaction of contact loads and overtrarel was significant on 
the first mi«» data,   it ia vahd to combine data across actuation rate« in 
order to obtain a better e«timate of the effects of the interaction.    Table 
2-6 Is a matrix of the Icg.nthimc meanvalue« of contact load and overtravel. 
Each value in the matrix >« the mean of the cycle« to fir«t mi«« of JO 
«witche«. 

TABLE 2-6.    INTERACTIONS BETWEEN CONTACT LOAD AND OVER- 
TRAVEL (FIRST MISS-SWITCHES) 

Contact 
Overtravel 

(Inches) 

Contact Load 

5 amp« 10 amps IS amps 

.005 

.010 

.015 

5.10 

5. 12 

5.06 

3.62 

4.01 

4.55 

3.42 

3.53 

3.65 

The t te«t i« used to evaluate the difference« t* rween means.    Using the 
residual error of . 112 55 from the analyji« ol variance and 243  degree« of 
freedom it is calculated that a difference of greater than . 144 between means 
is required to denote significance at the t  05 level. 

Therefore it can be seen thai the switches fall roughly into four groups 
based on their mean lives. 

These are: 

Load 

5 ampp, 

5 amps, 

5 amps, 

10 amps. 

10 amps, 

15 amps, 

10 amps, 

15 amps. 

15 amps. 

Overtravel 

.010" = 5. 12 

.OOS" = i. 10 

.015" = 5.06 

.015" = 4.55 

.C10" = 4.01 

.015" = 3.65 ^ 

.005" » 3.62 

.010" « 3.53 

.005"  =  3.42 J 

Croup 1 

Group 2 
« 

Group 3 

Group 4 
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These groupings may be interpreted as follows.    Group 1 consisting of 
Test Runs 1 through 9 all exhibited mean cycles to first miss whicl> were 
not significantly different.    Since Test Run 1 was defined as normal operating 
conditions and Test Runs 2 through 9 did not reduce the mean time to failure 
it is obvious that none of these test runs qualify for use as acc-lerated 
reliability test methods. 

Group 4 result jd in mean Jives which were shorter than Test Pun 1 (5 
amps,   . 010 inches overtravel.   and 70 actuations/minute),   but they also 
introduced a changed failure mode in the form of welded contacts (See Table 
2-<»).   Hence these test runs are deemed unsatisfactory for use as accelerated 
reliability test methods. 

Groups 2 and 3 both exhibit shorter mean lives than Test Run 1 (normal 
conditions) and do not result in a change in failure mode.    Hence from the 
standpoint of these two criteria the test runs included in these two groups 
(i.e.,  Test Runs 13 through 18) are candidates for consideration for use as 
accelerated test methods. 

The analysis of the differences between the means of test runs where the 
failure definition was total failure was more complex since two first order 
interactions were significant in the analysis of variance. 

The logarithmic observations were first summed over actuation rates to 
evaluate the contact load and overtravel interaction.    This resulted in the 
matiix in Table 2-7. 

TABLE 2-7.    CONTACT LOAD AND OVERTRAVEL INTERACTIONS 
(TOTAL FAILURE-SWITCHES) 

Overtravel 
Contact Load 

3 amps 10 amps 15 amps 

.0Ü5 

.010 

.015 

5.23 

5.23 

5.27 

4.40 

4.79 

4.80 

3.72 

4. 10 

4.15 

The interval between the means required for significance at the t nc level 
was calculated as follows: * 

xz'\os 
*2 

where:  X. and "Xl 
from the matrix 

any two means 
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^2   = 

*2- 

1.645 

19 

y.1.100 
V   30 *. 05 = Student t statistic for 

243 degrees of freedom 

o-j. = the residual term from the 

analysis of variance 

iv  = number of observations in 

each mean being compared 

Load Overtravel 

5 amps, .015  =   5.27 

5 amps, .005  =   5.23 

5 amps, .010   =   5.23 

1 5 amps, 

10 air.ps, 

10 amps, 

1 5 amps, 

1 5 amps, 

15 amps. 

.015 - 4.80 

.010 = 4.79 

.005 = 4.40 

• 015 = 4. 15 

.010 ^ 4. 10 

.005  =   3.72 

Group 1 

Group 2 

Group 3 

Group 4 

Group 5 

means land's   tse°ftoth;s:lr;;:rt0 gTOT ^^ ^niiic.ntly different 
Aga:n Group 1 con^^^^^^f ^'".^^-»«d on the first mis, data. 

test runs included in tL 8^«^ ";"efo" *" ««»»er 
since they do not »ignificitly Vedirparuffe     A. t"h the* f^ I"' m*?i0ii9 

Groups 3.  4. and 5 whil» fk—, -^J        y    1 . . Uh the "'ßt miss data 

«... .u.-.n. totil ^: tu^^^r^^^zT 

of . 19 holds for evaluation of this matrix     TK- ^»       •,.    fte •*me Xl * *2 
and actuation rate form into 5 grou^a. follow.: 10ng 0f COntaCt load 
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TABLE 2-8.    CONTACT LOAD AND ACTUATION RATE INTERACTIONS 
(TOTAL FAILURE-SWITCHES) 

Actuation Rate 
(c.p. m.) 

70 

ISO 

300 

5 ampa, 

5 ampa. 

5 amps, 

10 amps, 

10 amps, 

10 amps, 

15 amps, 

15 amps, 

IS amps. 

amps 

5.33 

5.22 

5. 18 

70 cpm = 5. 33 

Contact Load 
10 amps 

4.68 

4.69 

4.63 

15 amps 

4.03 

4.33 

3.61 

150 cpm = 5.22  >      Group 1 

300 cpm = 5. 18 

150 cpm = 4. 69 

70 cpm = 4. 68 

300 cpm = 4. 63 

150 cpm = 4.33 

70 cpm = 4. 03 

300 cpm = 3. 61 

Group 2 

Group 3 

Group 4 

Group 5 

These groupings indicate that actuation rates over the range of 70 to 300 
cycles per minute do not result in different mean lives for switches at 
contact loads of either 5 amps or 10 amps.   However when 15 amp^ are 
applied to the contacts,  contact load interacts with actuation rate.    At 300 
cycles per minute the life is shortest; probably due to severe heat build up 
and then welding.   On the other hand,  70 cycles also suffers from the same 
problem.   It appears that 150 cycles per minute offers a compromise at 
15 amps between heat buildup due to fast cycling and heat buildup due to long 
closure time of the contacts. In summary then it appears that from both sets 
of t tests performed on total failure data, and from the analysis of first miss 
results, the most logical candidate for an accelerated test is iu the test runs 
at 10 amps and .010 inches overtravel.   Actuation rate did not significantly 
affect mean life but obviously 300 cycles per minute results in a test that 
can be performed in the shortest calendar time.   Test Run  #15 was per- 
formed at 10 amps,  .010 inches overtravel and 300 cycles/minute. 
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2. 3. 1. 2   COMPARISON OF FIRST MISS AND TOTAL FAILURE RESULTS 

The purpose of this section ia to compare the result« obtained by testing 
with the failure definition of snap action switches described as first miss 
and again as total failure (100 consecutive misses).    The analyses of variance 
that were performed on both sets ol dztz resulted in the selection of nearly 
similar sets of stresses as jignificant contributors to different mean lives 
of switches.   The only exception was that total failure picked up the inter- 
action of actuation rate and contact load which becomes a factor at IS amps. 
The residual term of the anal/sis of variance of first miss data was .113, 
and it was . 100 for the total failure results.    Both analyses pointed to Test 
Run #15,  (10 amps,  .010 inches overtravel and 300 cycles per minute) as a 
suitable accelerated test for comparison with test run. 

As another measure of the similarity of the results obtained by the two 
different failure criteria,  a linear regression analysis was performed with 
the sample mean values of each test run at first miss as the dependent vari- 
able and the comparable values of total failure data as the independent vari- 
able.    The correlation coefficient computed was . 972.    Th«s two sets of results 
yield answers that are quite similar.    On this basis it seems reasonable to 
suggest that a method of reducing test time is to test only until first miss. 

2. 3. 2   FAILURE ANALYSIS OF SNAP ACTION SWITCHES 

At the conclusion of the test to total failure,  each switch was opened for 
inspection by making a small saw cut through an outside wall of the switch. 
This enabled a visual evaluation of the interior mechanism of the switch with- 
out disturbing the mechanical relationships of the parts. 

Using a jewelers eye piece with 7X magnification, the interior parts were 
examined for specific failure mode.    With only two exceptions, all switch 
failures fell into one or more of the following modes: 

1. Leaf spring and/or common contact burned off.   (Many cases of con- 
tact burn off permitted excessive leaf movement to a position such 
that the over center spring maintained the leaf in the normally open 
position.) 

2. Leaf spring annealed and/or distorted.(insufficient return force or 
distortion limit« the movement). 

3. Contacts welded (normally closed contact-tc common contact). 

4. Leaf spring wedged by loose common contact (normally closed side of 
contact button burned off and permitted remainder of contact to loosen 
and fall from leaf spring.    Contact then moved inside of the housing 
until the leaf spring was wedged). 

5. Contact surface oxidized or foreign material insulated contact to 
extent that operating voltage didn't break thru surface. 
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7 
The five numbers given above will be used as code numbers to designate 

each of the failure modes throughout this report. 

The two exceptions to the above failure modes were: 

#216 • switch apparently developed a short to ground and literally burned 
up. 

#291 - leaf spring fractured. 

Since the latter two failures were only one of a kind and definitely did not have 
any indication of a "normal" type pattern, they were classed as isolated cases 
and not to be considered in the overall pattern. 

The results of the failure mode analysis are shown in Table 2-9.    The two 
and three digit numbers in each cell of the matrix are the identifying serial 
numbers assigned to each switch tested.    The numbers following each switch 
serial number represent the failure mode found on inspection of that part. 
The numbers used are 1 through 5 and these refer to the code numbers used 
in the failure mode definitions given above. 

The findings based on the failure analysis that are apparent in Table 2-9 
are as follows: 

• The predominant failure mode observed at 5 amps was burned con- 
tacts.    At 10 amps and .010" and .015" overtravel,   this was also true. 

• The predominant failure mode at 15 amps was welded contacts.    This 
was also true at 10 amps and .005'' overtravel. 

• The effect of actuation rate on failure mode is most pronounced at 
15 amps and the higher overtravel test conditions.    Test runs #24 
and 27 (300 cycles per minute) show a higher incidence of failure 
mode 3 (welded contacts) than did Test Runs #23 and 26 (150 cycles'/ 
minute) and Test Runs #22, and 25 (70 cycles/minute). 

• The eL'ect of overtravel as an accelerating factor was the reverse of 
what was originally expected.    As overtravel increased so did mean 
life.   The smaller overtravel and high current« resulted in more 
welded contacts.    This is due to the fact that the higher overtravels 
produced a greater wiping action and also resulted in a greater break- 
away force which would not result in failure if the contacts were only 
lightly welded. 

2. 3. 3   ANALYSES RELATED TO SWITCH LIFE DISTRIBUTION FUNCTIONS 

The analyses described up to this point have been related to the differences 
in mean cycles to failure when different combinations of stresses were 
applied.   An equally important objective of the study is to estimate the 
characteristics of the life distribution functions of snap action switches 
operated at dif/erent levels of combined stresses of contact load, contact 
overtravel and actuation rate. 
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Due to the •imilarity of results between first miss and total failure data 
found thus far,  this part of the analysis has been performed only on first 
miss failures. 

2.3.3.1   WEIBULL PLOTS 

The results of Test Run 1 (normal conditions) and each of the 26 test runs 
at accelerated conditions were plotted on Weibull probability paper.    These 
plots are shown in Appendix VI-I (Figures VI-1 through VI-27).    The line of 
best fit was drawn through the plotted points based on calculations on a com- 
puter using the method of least squares.    The abscissa on the Weibull plots 
is number of cycles to first miss.    The scale is coded for maximum clarity 
in presenting information on the graph.    The points are plotted on the ordinate 
at the median rj.nk values for a sample size of 10 (Reference 13). 

Included on each Weibull plot is the shape parameter {ß) and the scale 
parameter (a).   The a shown on each chart is a coded value which is depend- 
ent on the time scale used.    A discussion of decoding to real time is included 
in Appendix VI-!. 

Each of the Weibull plots is identified by a test run number and the level 
of each of the accelerating stresses which were used in combination. 

In general the fit of the plotted points to the calculated line of best fit is 
quite good.    There arc instances where some form of mixed Weibull might 
have fit the data better.    Test Run #2 is an example of this,  although the 
failure analysis in the tested parts did not reveal any visual reason for the 
failure pattern.    Test Run #7(15 amps,  .015 inches overtravel.  and 70 cycles 
per minute) is also an example of a mixed Weibull in operation.    However no 
reason for the early failures could be found in the failure analysis. 

Test Runs 10 and 12 also contain several points that do not follow the 
expected line of best fit.   In these two test runs there was a failure mode 
change occurring.   Several parts failed due to welding and the remainder 
due to contact erosion and material transfer. 

The Weibull shape parameters (/}), the coded scale parameters (cc^),  and 
the uncoded scale parameters (a0) for each of the 27 switch test runs are 
summarized in Table 2-10.    They are located in matrix form for ease of 
associating the Weibull parameters calculated in each test run with the com- 
bined stresses applied during the test. 

2. 3. 3. 2   TESTS FOR GOODNESS OF FIT 

A great deal of literature exists which claims the Weibull is a good fit for 
electromechanical device failure distributions.   From a purely statistical 
standpoint,  the Weibull distribution is quite versatile and able to describe a 
wide variety of physical phenomena.   However, due to the fact that the 
methods of analysis and conclusions of this report depend heavily on the 
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, prevailing distribution function it was felt necescary to teat the validity of 
^ the Weibull asiumption.    Three teats of the goodness of fit were used: 

1. F test 

2. Kolmogorov - Smirnov test 

3. Comparison of test run sample means with tne means estimated from 
the Weibull 

It would have be<'n preferable to use a X2 goodness of fit test,  but only ten 
observations per test run were available.    To use this test,  the data must be 
divided into cells containing a minimum of five observations.    Therefore only 
Z^ells per test run could be formed from the  10 observations available.    The 
X    test requirement of n-3 degrees of freedom where n equals the number of 
cells demonstratec the Impossibility of using a X2 test. 

Since, for the Weibull distribution In In l/l.F(x) is a straight line in 
log(x),   Weibull data plotted on Weibull paper results in a straight line.    These 

^r1^'»11"** for the te,t ""^ were fitted "^ lea8t •<luare» u»ing a« an estimate 
of ItXi) the order statistic the median rank.    The regression line was then 
used to estimate a. ^ .  y0 and ft.    (The estimates of these quantities are 
denoted by a. £ .  y0. £.) 

It should be kept in mind that none of the three tests used (or any test for 
that matter) has a great deal of sensitivity for the small number (per test 
run) of observations available. 

1.     The F Test. 

This test involves tesUng for the significance of the regression in tht 
Weibull plot by analysing the variance of the lifetimes (for each test run) into 
its component parts and forming the ratio 

p _   Myan Square Due to Regression 
liO-2 Residual mean Square ' 

Under the hypothesis of no significant regression both the numerator and 
denominator of this quantity estimate the variance of the lifetimes.    Hence 
a significant F means a significant fit. 

I 

i The calculated F value for each of the test runs is shown in Table 2-11. 
The F#05 value for 1 and 8 degrees of freedom which must be exceeded in* 
order to signify that the test data does fit the Weibull distribution is 5.3Z. 
The F#0l value for the same situation is 11.3.    It U seen that every one of 
the 27 test run« fits the Weibull distribution at the level of the F m level of 
significance. •W1 

2.     Kolmogorov - Smirnov Test. 

This one sample procedure provides a test of whether an empirical 
distribution function agrees with a specified theoretical distribution.   In this 
case the specified theoretical distribution is the Weibull with parameters a 

i 
i 

I 
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TADLE 2-11.   F TESTS FOR GOODNESS OF FIT (SWITCHES) 

Test Run F Ratio 

1 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

Note: F 05 x 5. 32 

F>01 = 11.3 

147 i 

24 

207 

42 

85 

19 

11. 

199. 

116. 

17. 

66. 

50. 

116. 

51. 

58. 

58. 

66. 

93. 

63. 

43. 

47. 

72. 

35. 

85. 

48. 

93. 

93. 
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4 obtained from the regreftsiou line.    If Sn(X) it the empirical cumulative 
distribution function and F(X) the theoretical,   the ttatiatic used is: 

max ||F(X) - Sn(X)l| 

The percentage points of D have been tabulated by F. J.   Massey (JASA 4f>, 
70).    All of the »witch test runs were de*med to fit the W*ibull from the 
Kolmogorov - Smimov tests. 

3. Comparison of Means. 

The expectation of T^ (the sample mean of test run i) i» equal to the 
population mean >i.    For the Wexhull it is known that /i - a'^r ,v (1//5   +  D. 
Hence if the Weibull is a good fit (for a test run) Yj and Mj ^ a1'^F (1//&   +  1) 
should be "reasonably" close.    Although the sampling distribution (lor small 
samples) of X from a Weibull is not known in closed form,  large discrep- 
ancies between Xj and fi^ for some i were obvious.    These discrepancies 
were usually due to infant mortalities. 

The comparisons of TTj and Mi •** thown in Table 2-12.    The Test Runs 
#7,   10,   17,   18 and 25 are the ones in which Xj and pi exhibit differences 
that are large.    A reference to the WcibuU plot of each of these substantiates 
the test.    Test Run #7 definitely shows signs cf being a mixed Weibull.    Test 
Run #10 contains some parts that failed by welding of the contacts and some 
that failed by erosion and material transfer.    Test Run 17,   IS and 25 each 
contain early failures wh;ch may have been cases of infant mortality. 

4. Testa for Infant Mortality. 

Two estimates of the Weibull mean fi^ (for each test run) were 
obtained.    First Weibull graph paper was used to find (by leiit squares) a 
line giving Oj and ßi.    Then using known relations between ßi and mhoi 
- Oj " #* i) an estimate /ij of pi was available,  i. e.: 

>. 
■* Mi        -v. ... 

Secondly,  since E^) = i   (E(Xi)   + — + E(Xn) |    *-J.  * H <2, 

(where ^ is the sample mean of test run i) an unbiased estimate of ft was 
obtainable from the failure data of test run i.   Note that since the first 
method used the method of least squares the estimate^ of a and ß were 
essentially maximum likelihood estimates and hence /& is what amounts to a 
maximum likelihood estimate. Now it is cumbersome to obtain the sampling 
distribution of X from a Weibull distribution especially when n is small. 
However, a visual inspection (by test run) of the discrepancy between Xj 
(i the test run) and /*} as obtained from (1) certainly indicates whether or not 
the Weibull was a reasonable fit since if it is not Jij is not a good estimator 
of /i}.    In most cases where a large discrepancy occurred (e. g.,  relays test 
run number 23, Xi s 428,552, ^i = 25,000,000) between /»; and Xj it was an 
obvious case of infant mortality.   However, for this "test*1 of'early failure 
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TADLE Z.\l.   COMPARISON OF T AND ». FOR SWITCHES 

Tr<it RUT y 

I 

2 126.802 
J 9t>,9ZZ 
4 174. J83 
5 142.233 
6 121.837 
7 151.577 
8 108.011 
9 161.982 

10 

11 

12 3.99^ 
13 17.816 
14 13.801 
15 13.725 
16 65.358 
17 38.056 
18 30,838 
,9 2.791 
20 4.864 
21 2.548 
22 2,048 
23 4,839 
24 3.4:5 
25 7.333 
26 6.896 
27 6.213 

Mi 

,97-7»c 195.220 

129.050 

97.460 

174.610 

147,180 

142.445 

215.250 

106.560 

159. ^O 
9.267 7f.-77 

4'075 4.076 

4.099 

16.783 

14,028 

14. 500 

64, 750 

47. 223 

40,2 50 

2.838 

4.978 

2.777 

5; 162 

4.790 

3.780 

9.512 

6.672 

6.541 
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K 

one is unable to assess the type 1 and II errors associated with it and moreover 
it only "tests" if the Weibull is a good fit, not if there is an early failure. The 
results of this test are given in Table Z-12. 

The following test,  which used the first order statistic,  i.e.,  thj minimum 
of the sample,  has the property that its type I and type II errors can be 
assessed.    If test run number i is really Weibull with parameters a: and /3i 
then the probability that x^ = min  j xy)  (where for switches j = 1,   2, , 
10 and for relays j =  1,   2, ,   5) is less than some fixed value x is given 
by (for switches say): 

P(xil < x)   =    1  - P(x.1 2 x) (3) 

If,  however,  x^i 2 x then so are the other 9 failure times because x^ s xij 
j = 2,   3, ,   10.    On the other hand,   if all ten failure times are >  x then 
certainly Xjj is.    Hence: 

1  - P(x.1 2 K)    =   1 - [ I - F^x)] 
10 

and then 

f I10 

P(xil < x)    =    1   -   j 1  - F.W] (4) 

and for relays 

P(xil < x)    =    1  -    [ 1  - F.(x)] (5) 

where 

F.(x)    =    1  - e l (6) 
i 

Thus if test run i is really Weibull with a- and ß. then (again for 
switches: 

I I10 
Q = P (the smallest failure time < x^) = 1 -    j 1 - ^.(x^)) (7) 

Now if this number Q is too small say Q < . 01 then certainly the first failure 
i.e.,  Xji,  has occurred abnorr-.slly early and thus Fi (XJJ) in (7) provides a 
"statistic" to test the hypothesis that the first failure is too early.    One can 
set tlie type I error (.01 in this case) at any level desired.   The type II error 
(saying an early failure did not occur when it did) must be evaluated in terms 1 of what a and p really hold.    The results indicated no early failures. 
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2. 3. 3. 3   CUMULATIVE FAILURE DISTRIBUTIONS 

The cumulative failure distributions for each of the 27 test runs have been 
plotted and are shown in Appendix I. 

Their importance in the theory of accelerated testing is based on the 
following properties: 

1. The comparison between the cumulative distribution function under 
accelerated conditions and the cumulative distribution function (prob- 
ability of failure before time x) under normal conditions indicates 
persistent acceleration. 

2. The "relative" rapidity with which the accelerated conditions kill units 
off in the time (cycle) intervals of interest. 

In many important cases of life testing mechanical devices,  the Weibull 
distribution often provides a good fit to failure times.    The form of the 
Weibull is: 

P (life < x)   =   Cumulative Distribution Function   =   F(x) 

F(x) 1 - e 

x 
' a 

ß 
x 2 0; c > 0;   ß > C. 

It is experted,   from piese.it evidence,   thit this particular distribution 
(with 7 = guarantee time - 0) will be a good model for the failure time 
distributions. 

It should be pointed out that the cumulative failure distribution plots and 
the Weibull plots (Appendix VI-1) pres-nt basically the same information. 
However,the cumulative failure distribution plots were prepared for each 
test run because they are easier to use in comparing the probabilities of 
failure of parts operated at different combinations of stresses.    The Weibull 
plots show the same information but are presented with the use of different 
time scales thus making physical comparison difficult. 

An analysis of the cumulative failure distribution charts indicates that all 
of them except Test Run #7 meet the criteria ol reducing the life of switches 
more quickly than Test Run #1 (3 amps.,  .005 inches overtravel, and 70 cpm) 
which was designated as normal operating conditions.    It can be remembered 
from the discussion on goodness of fit that Test Run #7 exhibited mixed 
Weibull properties. 

In the final selection of the optimum set of accelerated test conditions,  the 
relationship of the failure distributions as compared to normal operating 
conditions will be one of the factors determining the final «election of a test 
method. 
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2. 3. 3. 4 CALCULATION OF HAZARD RATES 

Another parameter of interest of the switches tested at each of the 27 
combinations of environmental and operating stresses is that of hazard rate. 
The hazard rate is represented by the expression h(x) =/3x/3-l 

a 
where 

ß - the Weibull shape parameter 

a = the Weibull scale parameter 

x = time in cycles 

Since it has been determined that the failure of the switches under study is 
described by the Weibull distribution,   the hazard rate of each test run is time 
dependent except in cases where the Weibull shape parameter (ß) is equal to 
I (which is the constant failure rate exponential distribution). 

Table 2-13 is a listing of the hazard rates of each Test Run with first miss 
as failure criterion.    The hazard rate for each set of conditions is given for 
time x = 10,   100,   and 1000.    From these points a graphical presentation of the 
hazard rates can be easily plotted on log log paper. 

The hazard rate,   h(x),   is formally defined as the conditional rate of failure 
at x given survival to time x i. e., 

P(x < death < x + Ax    [survival to x) = h(x) = ,   f(^.   . 
1  - r(x) 

h(x) is an important quantity for two reasons:    1) it measures the failure 
in terms of x and hence provides one of the criteria for selecting an accel- 
erated test; 2) it can form a basis for relating accelerated and normal 
environments. 

2. 3. 3. 5   CONFIDENCE LIMITS FOR WEIBULL PARAMETERS 

The line of best fit for each test run of switches was calculated by the 
method of least squares.    The slope of the linear regression line is the 
Weibull shape parameter {/}) and the intercept is log (1) where a is the 
Weibull scale parameter.    Tables 2-14 and 2-15 represent the 95% confidence 
limits about the slopes and intercepts of the calculated regression lines. 

2. 3. 4   ANALYSIS OF SWITCH OPERATING PARAMETERS 

A side experiment was performed during the accelerated life tests on snap 
action switches.    It consisted of the initial and periodic measurement of the 
following operating parameters: 

Contact resistance (normally open) 
Contact resistance (normally closed) 
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TABLE 2-13.    HAZARD RATES FOR SNAP ACTION SWITCHES 
WHERE FAILURE CRITERION IS FIRST MISS 

Hazard Rate (x 1010) 

Test Run x = 10 cycles x - 100 cycles x = 1000 cycles 

1 .888 x IG-8 . 104 x 10"4 .1226 x lO"1 

2 . 57 x lO"2 .37 x 10° .24 x 102 

3 . 183 x 101 .325 x 102 . 578 x 103 

4 .638 x 10-12 .8 x 10-8 . Ill x lO"3 

5 . 1095 x 103 .549 x 103 .275x 104 

6 .3315x 104 .709 x 104 .1515x 105 

7 . 11 x 10*» .8? x 105 .7l6x 105 

8 .539 x 102 .373 x 103 ,258 x 104 

9 . 17 x 102 .132 x 103 .I025x 10'' 

10 . 12 x 107 . 123 x 107 . 126 x 107 

11 .214 x 104 .39 x 105 .71 x 106 

12 . 557 x 102 .453 x 104 .368 x106 

13 

14 

.242 x 106 

.2 x 105 

.3196 x VO6 

.677 x 105 

.421 x 106 

.229x 106 

15 .6925 x 106 .6925 x 106 .6925x ID6 

16 .6085 x IG"12 .312 x lO'7 .16 x102 

17 . 582 x 103 .32 x 104 .176 x iO5 

18 . 143 x 107 .862 x 106 .519x IO6 

19 . 1926 x 105 . 1926 x 106 .1926 x 107 

20 . 1977 x ID5 llox 106 .787x 106 

21 .21 x 107 .295 x 107 .363 x 103 

22 .206 x 105 .127 x 106 . 783 x 106 

23 . 578 x 104 .605x ID5 .634x 106 

24 .424x 107 .345 x 107 .28x 107 

25 .42 x ID7 .248 x107 . 146 x IO7 

26 .146 x ID6 .343 x 106 .823x IO6 

27 .104 x 107 .122 x 107 . 143 x IO7 
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TABLE 2-14.    CONFIDENCE LIMITS FOR ß (SWITCHES) 

^(.975) Test Run ß ^i. 02 5 

1 4.07 3.896 

2 2.81 2.427 

3 2.25 2.075 

4 5.12 4.812 

5 1.70 1.473 

6 1.33 1.005 

7 .906 .497 

8 1.84 1.690 

9 1.89 1.697 

10 1.01 . 578 

11 2.26 2.003 

12 2.91 2.621 

13 1.12 .929 

14 1.53 1.248 

15 I. 00 .736 

lb 5.718 5.439 

17 1.74 1.485 

18 .78 .557 

19 2.00 1.869 

20 1.80 1.586 

21 1.09 .889 

22 1.79 1.557 

23 2.02 1.682 

24 .91 .699 

25 .77 .479 

26 1,38 1. 165 

27 1.07 .846 

36 

4.244 

3. 193 

2.425 

5.428 

1.927 

1.655 

1.315 

1.990 

2.083 

1.442 

2.517 

3.199 

1.311 

1.812 

1.264 

5.979 

1.989 

.997 

2. 131 

2.014 

1.285 

2.027 

2.354 

1. 121 

1.065 

1.603 

1.288 
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TABLE 2-15.    CONFIDENCE LIMITS FOR a0 (SWITCHES) 

Test Run ao 

I 5. 385 x 1021 

-> 
4> 3. 175 x I0l4 

3 2. 187 x 10n 

4 1.058 x 1027 
5 7.778 x 108 

6 8.577 x 106 

7 66.066 

8 2.362 x 10^ 

9 8.623 x 109 

10 8576 

11 L917 x IQ8 

12 4.244 x lolO 
13 60.895 
14 2.594 x 106 

15 14,440 

16 4.812 x ID2? 

17 1.642 x  10» 

18 328b 

19 1.038 y  10? 

20 5.745 x 106 

21 5586 

22 5.361 x 106 

23 3.659 x 107 

24 1745 

25 1078 

26 231,564 

27 12.100 

ao(.02 5) 

4.408 x 1021 

2.065 x 1014 

1.796 x lOH 

7.456 x 1026 

6.057 x 108 

5.970 x 106 

41,798 

1.995 x lO9 

7.509 x 109 

5257 

1.449 x lO8 

3.082 x IQ1" 

48,862 

1.884 x 106 

10,805 

3.532 x 1027 

1.207 x 108 

2634 

9.025 x 106 

4. 520 x 106 

4397 

4.192 x 106 

2.488 x 107 

1375 

767.2 

185,407 

9329 

ao(.97 5) 

6. 511 x 1021 

4.831 x 10M 

2.652 x lO11 

1.485 x 1027 

9.986 x IG8 

1.226 x ID7 

103,839 

2.803 x 109 

1. 154 x 1010 

13.867 

2.562 x 108 

5.845 x IC'O 

75, 113 

3.537 x 106 

19,492 

6.436  • 1027 

2. 112 x ID8 

4299 

1.206 x 107 

7. 305x ID6 

6828 

7.052 x ID6 

5.214 x ID7 

2200 

1484 

302.644 

15,227 

•W 
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Operate force 
Release force 

The objectivf wa« to note how these parameters changed during the life 
cycle of a switch when it was operated at different combinations of stresses. 

The results of this analysis were inconclusive.    This was very likely due 
to measurement errors which were large relative to the actual changes in the 
parametric values over time. 

2. 4   SELECTION OF ACCELERATED RELIABILITY TEST METHOD 
(SWITCHES) 

The general procedure for locating desirable test runs for use as accel- 
erated reliability test methods is described in Section 1.4.    The application 
of the rules outlined there to the results generated in this study on snap action 
switches is given in Table 2-16.    Each test run except Test Run 1 (normal 
operating conditions) ii compared to each of the factors defined as measures 
of a good or bad accelerated test method. 

The application of the rules stated on the following page to the 26 possible 
combinations of accelerating stresses investigated during this study program 
on snap action switches results in the following logic: 

From the analysis of variance and its accompanying t tests, contact load, 
actuation rate,  and overtravel.  as well as the contact load and overtravsl 
interaction and contact load and actuation rate interaction were significant in 
affecting switch life.    However,   all of the tests performed at 5 amps resulted 
in mean lives that could not be recognized as being significantly shorter than 
Test Group 1.    Hence Test Runs 2 through 9 are eliminated from contention. 

The t tests indicated that the 15 amp test runs and those at 10 amps and 
.005 inches overtravel belonged to the group displaying the shortest mean 
lives.   However,  the failure analysis discovered that these test runs were 
characterized by a change in failure mode.    Welding rather than the burning 
off of the contacts took over as the predominant failure observed in these test 
runs.    This leaves as candidates test runs 13,   14 and 15,  the 3 actuation 
rates at 10 amps and .010 inches overtravel and 16,   17,  and 18,  the 3 
actuation rates at 10 amps and .015 inches overtraveL 

> 
* Test Run 16 displays signs of a failure mode change.    Four of the ten 
* switches in this group failed due to failure mode 2 (blade distorted and an- 
f nealed) while the other six failed in the same manner as Test Group 1 (leaf 

spring burned off).    On this basis this test run is eliminated from 
f consideration. 

t Test Runs 17 and 18 gave indications of not fitting the Weibull in the good- 
ness of fit tests which compared ,«.- and x. (Table 2-12). 

This leaves Test Runs  13,   14 and 15.    Reference to the cumulative density 
functions of each of these (Figure 1-5) indicates that Run 13 exhibits a lower 
probability of failure than the other two runs.    Test Run 1 5 has the highest 

38 

»im i 



test methods. desirable factors for use as accelerated reliability 
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SECTION 3.0 CRYSTAL CAN RELAYS 

3. 1    SUMMARY 

Thi»  section is di-voted to the presentation of all of the data  generated on 
crystal van relay» during the course of this  study pro^rarn.     It begins by 
Kivirv: tin" details of the mathematical  studies conducted to establish stresse» 
and  strris levels which contributed  most heavily in lh.' rrduitiun of b^th the 
number of cycles to first mii» and number of cyiles to total failure.     The 
failure times are  studied in an attempt to establish th    failure distribution 
assoi '.ated with each set of combined stresses.     The results of each of these 
series of analyses are combined with the finding» of the analysis of failed 
parts.     Those then are used as ground rule» for selecting the most promising 
test run» for further study a» possible accelerated reliability test me-Kod». 

A total of 135 relays were tested during the study program.    Five parts 
were operated at normal operating and environmental stress levels.     These 
conditions were defined as follows: 

Contact load 3 amps 

Ambient temperature       250C 

Actuation rate 1 cycle/second 

Five relay» were also tested at each of ^6 other combinatiors • f these three 
stresses in the form of a iull factorial experiment.     The contact lo'.ri-. used 
were 3,   6.   and 8 amps.    The ambient temperatures were 250C,   lOO'^C,   and 
1SL)0C.     The actuation rate» were 1,   10,  and 30 cycles per second. 

The cycles to first miss of each relay were recorded as well as the num- 
ber of cycles at third ims» which was defined as total failure.    An analysis of 
variance was performed on both the first miss and on the total failure data. 
Its purpose was to identify those stresses and interactions of stresses which 
significantly affected the life of this relay. 

The following stresses were found to affect relay life under their respec- 
tive failure definitions: 

1st Miss     Total Failure 

Contact Load 

Ambient Temperature 

Interactions (Contact Load and 
Temperature) 

X 

X 

X 

X 

At a measure of the magnitude of the contribution of each of the applied 
stresses to the total variance,  the components of variance were calcu^ted. 
Contact load was by far the most important factor affecting relay life since 
it contributed 48% of the total variance in the first miss analysis and 49% 

41 

K, »'■■» 



Ufe of the relay, operate/..r/teTH , i'r" ^ fo"mV-re the mean 
P*rt. operated at T/ellrl.^ 1 I'0:," ( ^^ Rur' ^ w,,h that "' «h' 
«me cLtacttoad (3 a^: a. T"'; RTO 1 i ;^8t;Un, WhU ' ODerÄt<"d ^ lh' 
and hence were di.coumed a. fea.Vhle^ P

I
Xh,b;,:d n0 "«"'^»"t d.f.erence, 

account.     The relay, on/rafrd If V, v.'^1^ te,, m''lh^« "" th,, 
a fa.lure node changeTn IJI f  *       *mP' '^'baed the .hortet mean hfe but 
the u.efulne.. of th?. .tre»   eve^ a. an^V T1^ '^^ Up ^^ n'«atln« 
te.ted at 6 amp. contact ^^1^        a^elerat,ng ,tre...    The relay 
tr.n.fer wh.ch 'a. al.o th7 mo.1 '„  du',to,c;^t """un and mater.al 
Run 1 (normal condu^n,) P"valent failure mode observed m Te.t 

very^ose'ly wU^Vho';: '"^Vl '^ f,ri,t rn,S9 failur' ^fimtiou concurred 

un^re,. ^.vr :;;^t:-v^mV:^^d ^^ z:^1 

»caie parameter (a) were caleu^ted Jr ,       '^^ P*rameler ^» *nd 
the 2c, .ther coJ^T, ^f .tre.Ie.      ÄeTe b' n^110?' (Te,t Run ^ *nd 

to fp-^'X-^^ ^^:^^urro^ 

3. 2   DETAILS OF THE INVESTIGATION 

3. 2. 1   SELECTION OF STRESSES 

Double Pole.   Double Throw 

Contact Lo*d Rating 3 amps 
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Conlait Vollaf* £$ Volli DC

Aitu«ti*'n Rale .......................... Xo JO Cycle*/Set©rxl

Coil Rrsiatanre 67SOMMS

C>»il Vollat^r 26. S Volte

Trtiipcralure Ran|(e •6S'-'C to * 12S'’C

The (ollottir.j •trreees were coneidrred (or .Tuluoion in l*>e *t<jdy pr'i(ran> 
to rvaluatr rnvironrvrnli or operating condition* that »uuld reduce relay lit* 
at *omr predictable rate:

Actuation Rate

Coil Voltage

Vibration

Contact Voltage

Ambient Temperature

Contact Load

Contamination

The criteria (or aelecting the atreaces to be applied were

I. probable eUect on lilc and/or teat time 

Z. probable e((ect on failure mode •

J. uni(ormityo(application at aereral level* cr throughout a given 
range

4. complexity of teat **t up

5. eaae o( control o( atreaaea

6. accuracy of meaaurement of atreaaea

An evaluation of the auggeated atreaaea in the ligM of the above o^iCctivea 
resulted In the selection of.

Contact load

Actuation rat*

An.bicnt temperature

tz
■ ^ f-

-r.



The »election of operating levels of these »treues hi «an with a Uef.m.ion 
of normal operatinS condition».     This wa» necessary since a benchmark was 
roquireü w.th which to compare accelerated tost result».    Therefore    nor- 
mal conditions were defined «s 3 amp. contact load,   ambient tempera ure of 
250C.   and an actuation rate of one cycle/second.    Slower actuation rates 
were considered but had to be discarded because 01 time limitation». 

Prelimmary screening U . s -vere run to establish the feasible limits of 
earh »tre»«.    For example «ome relay, were tried at 10 amps and at 12 amps 
contact load.    In a similar manner,   there was a probing type study of the 
other parameters to establish feasible level» 

The final »election of «tressc» for inclusion in the study was: 

Contact Load: 3.   6 ana 8 arrp» 

Ambient Temperature:       Zb°C.   lOQor.  »nd ISO^Z 

Actuation Rate: I.   10 and 30 cycles/.econd 

A description of The physical test method» and equipment developed for 
relay testing i» given in Appendix V-2. 

3. 2. 2   STATISTICAL EXPERIMENTAL DESIGN 

In order to evaluate not only the main effect» of the applied »tresses on 
the life of ralay»,  but also their interaction»,  a full 3^ factorial experiment 
was specified.    Five relay» were tested at each cf 27 combination» of the 
»elected »trc»Rc».    Each cf the test run» wa» numbered a» shown in Table 3-1 
for »implicity.    The»e Te»t Run Number designations will he used through- 
out the di»cu»»ion.    Te»t Run I (3 amp».  250C,  and I cycle/»econd) 1« 
designated a» normal operating condition». 

TABLE 3-1.    FACTORIAL EXPERIMENT ON CRYSTAL CAN RELAYS 

Actuation Rate (cycle»/»econd) 

Contact Load (amps) 

I 

3      6      8 

10 

3      6     8 

30 

3      6      8 
 ff-  

5            25 

•jjijü    100 

< £          150 
H 

(1)   (4)   (7) 

C)   (5)   (8) 

(3)   (6)   (9) 

("))(13)(16) 

(ll)(14)(17) 

(I2)(15)(18) 

(19) (22) (25) 

(20)(23)(26) 

(21)(24)(27) 

Note:   The number» in parentheses are designations used throughout the 
•tudy to identi/y each of the 27 teat run».    For example Te»t Run 22 
consists of 5 relays operated at 6 amp». 250C and 30 cycles per 
second.    Each test run contains 5 relays. 
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}. 2. 3   DEFINITION OF FAILURE 

The major obicctiw cf the tcit piog» am on relay» war to search (cv an 
accrlcr.itcd reliability te«t mrtnod.    Thi» made it important to analyse «V 
teat data by two different fa:lure definition».    The first one defined failure 
as tf.    fir»» mis» {failure of the contacts to make or break).    A second 
f.ulure definition WAS selected as cycles to total failure (total moderation 
of thv part).    Contractual schedules made it mandatory to revise the defini- 
tion of total failur- to the number of cycle« to 3rd miss.    Thercfcrs records 
were made cf the number of cyclei. at which the first miss occurred and then 
tl ■« test was continued until third mis».    Two separate analyses were made 
to sec if the results of the two failure de:.nitions resulted in similar con- 
clusions.    If the results from both were the same,  then test time could be 
.mmeHiafely reduced by testing only tc first TIISS. 

3. 3   PRESENTATION OF TEST RESULTS 

Fiv? relays were tested in each of 27 test run«.    Each test run was 
defined in terms of 3 controlled stresses (environmentai or operating). 
Contact load was applied at 3,  6.  and 8 amps, actuation rates were 1,     0 
and 30 cycles per second; ambient temperature was controlled at 25°,   100°, 
and 150° centigrade.    The lytles to first miss of all 135 relays included in 
the study are summarized in Talr'e 3-2.    The test run» ar« numbered I -27 
beginning in the upper left hand co.ne; of the matrix and continuing dow.i in 
the columns and is so shown by the number at the bottom of each cell of the 
matrix.    For example Test Run 1 (normal conditions) is the five relays 
operated at 3 amps contact load,  250C,  and 1 cycle per second.   Test Run 9 
is the five relays operated at 8 amps contact load,   150oC,  and 1 cycle per 
second.    The mean value of each test run is designatedTand is shown in 
each cell of the matrix.    Test Run 1 was designated as "normal operating 
conditions" and the ether 2b runs were construed to b« combinations of 
stresses '.hat would induce either a different mean number of cycles to first 
miss, or different failure distribution parameters.    It was the objective of 
this study to find some set of combined stresses which would result in a test 
run time which was shorter than Test Run 1.  and that could be related to it 
by some transformation function. 

The cycles to total failure for the same 135 relays described above are * 
presented in Table 3-3. i 

1 
3. 3. 1   ANALYSIS OF VARIANCE 

The statistical method used for discovering the stresses or combinations | 
of stresses which reduce relay life was the analysis of variance.    It is based ^ 
on the assumption that there is equal variance in each cell of the factorial 
experiment.    An inspection of the number of cycle« to first miss of the 
relays tested indicated that this was not the case.     A method of dealing with 
this problem is suggested by Davies (Reference 14).   It involves the us« of 
a logarithmic transformation in case« where the variance 1« proportional to 
the magnitude of the mean.    It also tends to normalise the data.   Therefore 
this procedure was used before the analysis of variance was performed. 
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1-»     t ••ulU of the analv»»« of v»riAn«.f on firot mi«« «i^t* »re presented 
in Tau.v   3-4.     TKe. nduation» are th*♦ contact loadü.   temperaturr«.   and the 
f>r»t order interavti jn brtvkern conta. t load» antl •emperat.ire» are the 
•tre««e« that «i^nu'icantly affect the life of t:v? reUy« under »tudy.    The 
comparison o' th«   "F Kalio" column with the'F.05" tolumn in Table 3-4 
pie«?nt« the result*  jf the significance test«.     *" ic F r*tio of actuiition 
rate» wa« 3.04 while a value greater than 3.07  »a« required for significance. 
Thi« ia probably an indication that actuation rat.; doe« in fact affect the life 
of thi« type of relay but the difference» are notircable over a wider range 
of value« than wore included in this experiment. 

TABLE 3-4.    ANALYSIS OF VARIANCE - RELAYS {FIRST NUSS) 

Sum        Deg/ee» *• o{ 

of of Mean F F Contribution 
Source of Variance    Square»    Freedom   Square»     Ratio    _05    To Variance 

Between Actuation 3.695 Z 1.848      3.04      3.07 0 
Rate» 

Between Contact 61.656 Z 30.8£8    50.65*   3.07 48.0 
Load» 

Interaction. Between       2.370 4 1.185      1.95     2.45 0 
Actuation Rate, 
Contact Load 

Between 4.387 2 1.193      3.60*   3.07 2.5 
Temperature» 

Interaction. Between       3.762 4 .9<1       1.55     2.45 0 
Actuation Rate, 
Temperature 

Interaction» Betwet-n       7.438 4 1.860      3.06*2.45 5.9 
Contact Load and 
Temperature 

Interaction» Between       5.236 8 .654       1.08     2.02 0 
Actuation Rate», 
Load» 
Temperatures 

Rr»idual 65.738 108 .609 43.6 

Total 154.282 134 
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A» in thr c*9t of the datx on tyclr» to fir»t mi««,  the total f«ilure data 
wa« convrrtrd to a more «tatiatually utcful form Sy means of a logarithmic 
trannformatu^n.    The result« of the analy»»« of variance for total failure are 
»h..u,, m Table 3-f..    A^ain contact laad.   temperature,   and the contact load- 
temperature interaction are the «ignificant affector« of cycle« to failure. 

To obtain a clearer meaning of the magnitude of th« contribution to 
vanance of the «igmfuant factoi«.   calculation« were made of the componentt 
of variance.     The«e result., for fir«t mi«« «hown in the right hand column of 
Table 3-4 indicate that contact load is re«pon«Jble for 48% of the variance 
observed in thi« experiment.    The interaction between temperature and 
contact load produced 5. 9% of the totM variation.    It was further Indicated 
that 2   b", of the variation wa« a direct re«ult of the different temperature 
levels u«ed.   while 43. 6*. of the variation is residual variance. 

TABLE 3-5.    ANALYSIS OF VARIANCE FOR RELAYS TO TOTAL FAILURE 

Sums      Degrees 
of of Mean 

%of 
Contribution 

Source of Variance    Square«    Freedom   Squares    Ratio     r.05   To Varian.e 

Between Actuation 
Rates 

Between Contact 
Loads 

2.39033 

56.00185 

Interactions Between      1.21974 
Actuation Rates, 
Contact Load 

Between 
Temperatures 

4.32667 

Interactions Between      1.98908 
Actuation Rates, 
Temperatures 

Interactions Between     6.17958 
Contact Loads. 
Temperatures 

Interactions Between      5.05228 
Actuation.   Contact 
Loads, 
Temperature 

2 

2 

4 

2 

4 

Residual 

Total 

57.35920    108 

134.51873    134 

1.19517 2.25    3.07           0 

28.00093 52.72* 3.07 49 0 

.30494 .57    2.45           0 

2.16334 4.07*3.07           3.0 

.49727 .94    2.45           0 

1.54490 2.91*2.45           5.4 

.63154 1.19   2.02 0 

.53110 4Z.f> 

•■•Denotes significance at the F nK level. 
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Residual vmrianc« ir a conglomeration of the difference* from part to part, 
testing error,   and variations due to other stresset that may not have been 
controlled during th«? experiment.    Another possible source of error included 
may have been th.» infant mortality failure of several of the parts at the 
higher stress levels. 

The components of variance for total failure in the right hand column of 
Table 3-5 lists 49% of the variance as explainable by the differences in con- 
tact load.    The interaction accounted for 5. 4% ind temperatures for 3%. 
The resittosl was 42   6%.    Therefore, the reaaU» of the analyses performed 
to date on both first miss and total failure criteria are very similar. 

3.3.1.1   t TESTS 

The analysis of variance Indicated that the main effects of cont.ct load 
and temperature and the interaction between these two stresses affected the 
life of relays.    To gain knowledge of the manner in which they affected mean 
life it is necessary to perform a series of t tests to recognize the test runs 
which result in mean cycles to failure that are significantly different. 

Since actuation rate was not significant it is reasonable to lump the data 
across all levels of it before performing the t tests to evaluate the differences 
between the means of the significant stress levels.    This combination resulted 
in the logarithmic mean values shown in Table 3-6 for the data on first miss. 

TABLE 3-6.    CONTACT LOAD AND TEMPERATURE INTERACTIONS - 
RELAYS (FIRST MISS) 

Temperature 

Contact Load 

3 amps 6 amps 8 amps 

250C 5.739 5.189 3.766 

100oC 6.056 5.148 4.132 

150oC 6.010 5.069 4.940 

The t test calculations are ma follows: 

«.OS" 

•    n.        n_ 

where £| - ij ■ the difference between any two cells above cell values 
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1.66-       _' I  S.-i. ».4 7 
609  .   . 6C9 i * 

^ 
~rr4 ~n" 

d    « the reaidual error term from the analytia of variance 

n » th.» sample tise of each cell 

t Q, : Students t value for a significance level of . OS 

Therefore a difference of greater than .47 between any two values in the 
above matrix suggests a high probability that they came from populations 
with different means.    Inspection of the matrix shows that the combined 
stress treatments fall into the following groups: 

3 amps. 100oC = 6.056 
3 amps. 150oC = 6.010 
3 amps.    2S0C = 5.739 

Croup 1 

6 amps. 250C = 5. 1891 
6 amps. 100oC » 5. 1481                  _          , 
6 amps. 150OC = 5.069                   GrouP 2 

Samps. 150oC = 4.940J 

8 amps.   100oC = 4. 1321 _ , 
8 amps.    250C = 3. 7661 GrouP 3 

The implication here is that the variation within each group could have 
occurred by chance.    The variation between groups is large enough to say 
with confidence that the observed differences were due to the significant 
■ tresses applied or to their interactions. 

A closer analysis therefore says that at 3 amps of contact load the differ- 
ences observed between all 3 levels of temperature and all 3 levels of 
actuation rate were not large enough to say that-they did not occur by chance. 
This same condition held for the parts operated at 6 amps.    However an 
interaction between temperature and contact load at l50oC and 8 amps ; 
respectively also made the relays tested at these conditions a member of 
group 2 with respect to mean cycles to first misk.    Group 3 is made up of the 
test conditions which resulted in an even greater reduction in mean cycles to 
first miss. 

An explanation of the physical meaning of Croups 1. 2.  and 3 is in order. 
Group 1 includes Test Run No.  1 (3 amps. 2S0C.  1 cycle/second) which was 
designated as normal operating conditions.   All the other test runs were 
selected in the hope of inducing a shorter number of cycles to failure in an 
orderly manner in order to be able to specify a useful accelerated test 
method. 
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The »rmlytit of var»».i« «•  »»idgotrd th.tt * ontatt Ji-aH wa» Xhe ijrratr«t 
contributor to reducing the m»*n nunibrr of cycle» to failure.     Toe  '»thrr 
• treatri applied to the relay» operated at  i snip« «.hanged the life charaiter 
i»tic» in a random manner      Six amp» contact load .»ccounted for a lar<e 
reduction in average cycle« to first  mi»».     EigM ar--p«   <nd I SO<'C pmduced 
• iir>il«r re»uU».    The interaction can probably be p<pUined in the follow ng 
term«.    At I S0oC there i« outgis^ing    f organic mater .il frofii either tht 
coil  jr insulation material.     It is hyp<nhr»i»ed that this mate-ial form» on 
the rontact» and reduce» the probability of the t ,>iUct» «ticking and welding 

The t te«t« on the total failure data resulted in almost identical result». 
The matrix of logarithmic mean« lumped aero»« actuation rates it shown in 
Table 3-7. 

TABLE J-7.    CONTACT LOAD AND TEMPERATURE INTERACTIONS 

Temperature 

Contact Load 

3 amp» 6 amps 8 amp« 

250C 5.885 5.246 3.905 

100oC 6.167 5.276 4.432 

150OC 6.069 5.214 5.051 

The interval required for significance at the t.05 level between any twr of 
the above means was calculated to be .44. 

Therefore the cells In the above matrix fall into the following group«: 

3 amps. lOO^r. = 6. 167 
3 amps, l50rC =■ 6.069 
3 amps,    25CC = 5. 885 

6 amps, n0oC = 5.276 
6 amps, 250C - i. 246 
6 amps. 150oC - S. 214 
8 amps.  150oC - 5.051 

8 amps,  100oC - 4.432 

8 amps,    250C = 3. 90S 

Group 1 

Group 2 

Group 3 

Group 4 

Croup 1 is representative of normal operating conditions,  while Groups 2, 
3,  and 4 are cases where the combined stresses reduced the mean life. 
This grouping incidentally is exactly the same as was found in the first miss 
data, except that the first miss data analysis showed that 8 amps,   100oC, 
and 8 amps. 250C were not significantly different from each other.    Groups 3 
and 4 above are thought to be unsuitable tor use as accelerated reliability 
test methods because the stresses induced were so severe that they caused 
many initial failures.    Also the analysis of the failed parts from these cells 
reflected this severity in the form of a greater incidence of early failures due 
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t • i  «nt n t »   \ U-i      Then forr  bA«» H on the anilvii« concluded to thin point, 
«t v» 'vild ,iv(.«-.«r t'-jt thr m >«? louiial »n ^^i itrp«*r* to be invrati^trd for 
vi»r   i»   .«n akirlrr^fcd  rrliahilitv tr»t  mrthod i« one of thr  tr<>t run» fron 
Cirvup J . 

3. 3   I. J    COMHAR1-.ON OF KIRbT SUSS AND TOTAL FAILURE RESULTS 

The milvm» of variant r p»rrfornicd on the data »here failure »»ag define! 
a» fust mi»»,   indicated that the ttresRe» iffeitinfj relay life were contact 
lo^d.   U-rrperatu'e.   aid th' interaction»  between contact load and temperature. 
Thrsr  »i MO f.^itor» «.ere   lumfuant after an analy»!» of the reaulta where 
totil f.«ilurr (id tniss) was the defir.it ion of failure.     Furthermce the com- 
pontnts of varifliui' »tutiy produced result» that were cxtrei.iely similar in 
both case».    The residual variance of first mis« data was .609 while for total 
fail   re it wa» . S3 I. 

The t tfslk found the same combination» of effect»  belonged to groups 
which could hive com.; »re m population» with the same mean. 

I3i»od on these »irt.ilantic!» of result»,   it wa» a»»ume.' that the same 
results, could be obtained   )y analy^in^ data from either first miss or from 
third iv.is» (»o <allod.   tot.il fclure).    Since reduced test time is one of the 
objectives of ,ici rlerited testing it would seem that all future analyses of this 
type could oe limited to first rms». 

As an additional measure of how well the first mi»» and total failure test 
result» agreed,   a linear regression was performed.    The objective was to 
calculate the correlation coefficient using the mean values of each of the 
27 test runs.    The total failure means were considered the independent 
variable while the first miss means were the dependent variable.    The cor- 
relation coefficient was    191.     This is co-i»idered another strong justification 
for bas.ng fut» re resuhs on first miss information. 

3. 3. Z    FAILURE ANALYSIS OF CRYSTAL CAN RELAYS 

At the conclusion of the test to total failure,  each relay wa« semoved from 
its can and inspected under a microscope to establish the reason for failure. 
A detailed description of the inspection report for each relay is given in 
Appendix III. 

The failure modjs detected and the definition of each is as follows: 

1. Material transfer between the normally open contact and the blade, 
increased the contact gap beyond the limits of blade travel. 

2. Material erosion from the normally open contacts or from the blades, 
increased the contact gap beyond the limits of blade travel. 

3. Normally open contacts welded to the blade. 

4     Normally open contact melted, forming into a droplet or ball, reducing 
the contact gap. 
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S.     Blade became distorted so that the normally open contact makes 
before the normally closed contact breaks. 

The numbers designating each of the failure modes defined above are 
shown in Table 3-8.    The failure mode of each relay tested is shown beside 
the number identifying each part. 

A general conclusion is immediately evident from this table.    The relays 
operated at 8 amps in most cases reflected a high incidence of welding 
(Failure Mode No.   3) and melting of conUcts (Failure Mode No.  4).    The 
contacts of the relay were bifurcated and unless they were perfectly aligned 
the 8 amp load literally destroyed the part quite quickly.    It can probably 
be safely assumed that 8 amps is beyond the upper limit of usefulness as an 
accelerating factor since it definitely introduces a change in failure mode. 
It can be noted from Table 3-8 that even the 8 amp test runs at 150oC (the 
ones which were reflections of the interaction between contact load and 
temperature in the analysis of variance) experienced oome initial failures in 
the form of welded contacts after only one to ten actuations (see the asterisks 
in Test Runs 7.  9,  and 27). 

Other observations from the standpoint of failure mode analysis seem to 
indicate that 6 amps and 1 cycle per second tends to result in some welding 
(No.  3) and melting (No.  4).    This condition is not evident at 10 and 30 cycles 
per second.   A satisfactory explanation or this is given by Yanikoski 
(Reference 55).    He points out that higher actuation rates result in lower 
mean temperature rises.    This explains the much longer mean life found in 
the present study at higher actuation rates and the change in failure modes 
experienced at 6 amps and 1 cycle per second. 

Failure modes 1 (material transfer) and 2 (material erosion) are closely 
allied.    It is questionable as to whether they should have been described 
separately.    The appearauce is that they represent a matter of degree of 
severity of the effect of the same failure mechanism. 

In summary the failure analysis suggests that the most desirable ranges 
of stresses for use as accelerated reliability test methods is in the area of 
6 amps contact load and the higher actuation rates.    The test runs at 3 amp 
loads nearly all result in mean cycles to failure not significantly different 
from Test Run 1 (normal conditions) and 8 amps is too severe since it causes 
initial failures and erratic performance unless the parts are perfect speci- 
mens.    Six amps and either of the two highest actuation rates seem desirable 
since they display the same failure mode as Test Run 1.    The higher 
temperature levels lesult in random life patterns with the suspicion that 
Test Runs 23 and 24 do not fit the Weibull distribution.   Also a test at dif- 
ferent than rcom temperature must clearly demonstrate superiority in order 
to merit the use of the additional equipment. 

3. 3. 3   ANALYSIS RELATED TO RELAY LIFE DISTRIBUTION FUNCTIONS 

The data analysis methods utilised in the study of accelerated reliability 
test methods for relays follows the procedure used in the study of switches. 
The same procedure of studying the life distribution functions of relays on 
first miss data only will be followed. 
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3.3.3.1   WE1BULL PLOTS 

A pint on Weibull probability jtper of cycles to firit mi., for «ach of the 
2? r.Uy te.t run. wa. prepared.    The line of be.t f.t v... "^f*1^.^ 
computer by the method of lea.t .quare. and drawn o^ "ch/hart-   /;•    ., 
Weibull cha^t. are pre.ent.d in Appendix VI-Z.    The ordm.teor. the char .. 
which I. percent d-fectlve. wa. taken a. the median ""V«.".^» the daVa 
u.ed on the cycle, to failure axi. wa. .elected for ea.e of plottmg the data 
^d for clarity in u.ing the graph fur verifying the "IculaUon. ^«K-d ß 
The o (Weibull .cale parameter) a. it appear, on each chart >• in coded 
form.    The decoding theory and method are diicu..ed in detail m 
Ap^ndix Vl-l of thi. report.    The e.tim.te. of the Weibull P"»™'"« 
.££r .ince only five relay, were included in each te.t run.    However,  mo.t 
Jf the plot, exhibit rea.onlbly good Weibull fit..    In .ome c"e' ^J" not 
the range of cycle, to fir.l mi., wa. .o great that three cycle P»P«^" not 

.ufficient to allow plotting of all the point..    Thi. Situation P«va,led on 
T>.t Run. 7    8    16. 24.  25.    It I. intere.ting to note that four out of five of 
t^eVe UM r^ntweVe .»'contact load, of 8 amp..   ^^ ^.^Zor^ 
where many early failure, were experienced due to the deterioration or 
welding of one arm of the bifurcated normally open contact. 

Severalte.trun. .ucha. number. 4.   10.   13.   l4 "d.?3 *ive the »PP**r" 
»nee that perhap. they would di.play much different Weibull parameter, if a 
Jewmo^e Nervation", were avaflable and if .ome of the early ^"- ^«J« 
discarded from inclusion in the .election of the line of be.t fit.    The Weibull 
parameter, calculated for them .hould be u.ed with reservation.    A .ummary 
of theajr (coded Weibull scale parameter). a0 (uncoded Weibull scale param- 
eter) and ^ (Weibull shape parameter) Is shown in Table 3-9. 

3.3.3.2   TE5TS FOR GOODNESS OF nT 

The tests for goodness of fit of each of the 27 test runs to its respective 
Weibull distribution were performed on relays In the same manner a» on 
rwitche.     The reader is referred to Section 2. 3. 3.2 for the explanations of 
the principles underlying the use of each of the three tests.   The results 
were: 

I.    F Tests 

The F tests performed on the 27 relay test runs Indicated that all fit 
the Weibull at the F.05 l«v«l of significance except Test Runs 14 and 
23     It will be recalled that these runs were also mentioned as suspect 
from the visual inspection of the Weibull plots.    The Pattern at the 
F oi level of significance is much more clouded as might be suspected 
with only 5 observations per test run.    The F test results are shown 
in Table 3-10.    The check marks in the table are indications of lack 
of proof of the Weibull fit at the Indicated level of eigrlficance. 

2.    Kolmogorov - Smirnov Tests 

The Kolmogorov - Smirnov Test for goodness of fit was applied to 
each of the 27 relay test runs and it indicated that in all case, the 
Weibull distribution could have been applicable. 
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TABLE 3-10.    F TEST FOR GOODNESS OF WE1BULL FITS (RELAY) 

Test Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

n 
12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

Note:  F.05   =   l0-l 

.01 34.1 

F Ratio F.05 F.01 

23. 8 

23. 8 

83. 0 

15. 0 

32. 8 

27. 8 

12. 3 

58. 4 

27. 8 

58. 6 

83. 0 

105. 0 

27. 6 

5. 3 

50. 8 

30 0 

140 0 

23 9 

50 .1 

82 .8 

58 .6 

30 .9 

1 .0 

58 .3 

27 .7 

82 .8 

23 .8 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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3.      Comparison of x   and ^i 

The third and perhap» the mo»t »enaitive method uted (or measuring 
goodne»» of fit cf the relay tewt data to the Weibull distribution was 
by a comparison of the expected value of the Weibull distribution 
bein< fit to the test Hata and the mean of the test data.    The eicplana- 
tion of the justification for ^ts use is covered in Section 2. 3. 3. Z of 
Oils report.     The values off»» and 1^ are compared in Table 3-11. 
By examining the difference between the two values one can easily 
pick out certain cells thut do not fit the Weibu'.l distribution plotted 
for them.    For instance.   Test Runs 7,   8.   16.   17.  li,  24.   25 display 
great differences.    Five of these are relays that had been run at 8 
amps and a considerable number of early failures wer« noted.    Test 
Runs 23 and 24 were conducted during a period when trouble was ex- 
perienced on the miss detection equipment and hence the data in both 
of those cells is suspect.  ^Test Runs 2,   and 14 exhibit a fairly large 
difference between Xi and Mi which is probably due to early failure in 
each of these runs 

in 

3. 3. 3. 3   CUMULATIVE FAILURE DISTRIBUTIONS 

The cumulative failure distributions of each of the 27 relay test runs are 
shown in Appendix II.    One of «he ground rules established for the selection 
of an accelerated test is that the probability of failure of the accelerated 
test method must be higher at a'l points over the range of interest than that 
of the parts tested under normal conditions.    Only Test Runs 2.   3,   11,   12, 
19.  20 and 21 fail to meet this rule of thumb.    They happen to be test runs' 
where the contact loads was also 3 amps and most of them lasted longer than 
Test Run 1 in terms of mean cycles to failure.    From the remaining possible 
test runs it remains to select a test run in which the probability of failure risei 
quite quickly and yet where no failure mode change occurs.    Failwe mode 
changes occurred at 8 amps in most cases.    Hence, the selection arears to 
be narrowed to the 6 amps contact load.    It appears from comparing the 
charts of the failure density functions of these runs the most favorable ones 
are 4,   24,   5,   and 14. 

3. 3. 4   CALCULATION Ot HAZARD RATES 

One of the properties of the relays operated at the various combined en- 
vironmental and operating stresses that is of interest is the hazard rate 
Under the assumption that the life of relays is according to the Weibull 
distribution,  then the hazard rate is represented by tlie expression 
| tP"1 where 

P = Weibull shape parameter 

as the Weibull scale parameter 

t 2 time in cycles 

A plot of the hazard rate of each test run can be easily made from the infor- 
mation in Table 3-12.    Three vklues of t are given and utilizing these, the 
time variant hazard rates can be plotted on log log paper. 
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f TABLE 3-11.   COMPARISON OF M1 AND «. OF RELAY TEST RUNS 

Ttit Run Jj *j 

I i79.440 .67 5.842 

Z 1.072,000 678.790 

3 938.000 885.7S0 

4 118.450 103.668 
5 233.700 214.757 

4                         6 239.760 225.353 

7 1.012.500 72.681 

S 104.000 17,638 
9 42.182 41,321 

10 399.840 353.273 

11 1.766.000 1.762,647 

12 1.291,680 1,162.951 
13 278,380 258,522 

14 222.300 146,275 

1$ 246,240 239.474 

16 2.088.000 79,962 

17 78,200 45.613 

18 278,100 231,035 

19 1,160,900 1.118,691 

20 2,405,700 2,299,030 

21 1,772,000 1,774,647 

22 327,760 282,724 

23 25,000,000 428,552 
24 957,000 256,182 

25 182.000 69,604 

26 127.84S 118,362 
2? 140,304 139.184 
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TABLE 3-12, HAZARD RAT«:S FOR RELAYS WHERE FIRST VUSS 
DENOTES FAILURE 

Tftt Run 

1 
2 
3 

4 
* 

6 

7 

8 

9 
10 

11 

12 
13 
14 
15 
le 
17 

18 

19 
20 
21 
22 
23 

24 
25 

26 
27 

10 

.3 .98b K 10 
.369 x 10'' 

.102 x 10° 

.473 x 102 

.291 x 10'' 

.133 x 10 

.289 k le' 

.427 x 104 

.147 x 10 

-2 

1 

.603 x 10 

.159 x 10' 

.649x 10 

.114 x 19 

.288 x 102 

.943 x 10 

.352 x 104 

.531x 103 

.651 x 10 

.337« 10 

. 197x 10 

.127 a 10' 

. I02x 10 

.127x 104 

. 124x 104 

.250x 104 

. 170x 10 

.229x 10' 

-I 

• 1 

• 1 

1 

-3 

-9 

1 

• 1 

1 

t ; 100 

.472 x 10' 

.169 x 102 

.166 x 10° 

.2£5 x 102 

.179 x 102 

.918 x 10 

.513 x 10: 

.813x 103 

.330 x 10 

.832 x 10( 

.491 x 10' 

.108 x 10£ 

.412 x 10' 

. 177 x 102 

.231 x 10C 

.584x I03 

.188 x 103 

.567x 101 

.169 x 10" 

.124x 10* 

.164x 10' 

.131x 10 

.227» 10" 

.271 x io; 

.534« lO3 

.251x10' 

. I74x 10' 

t « 1000 

-2 

1 

• 1 

1 
.226 x 10 

.771 x 10 

.269 x 10( 

.172x 10J 

.111 x 102 

.635« 1C"4 

.913 x 102 

.155 x 103 

.738 x 101 

.115 x 101 

.152x 10'4 

.179« 10° 

.172« 10° 

. 109 « 102 

.568 « 10° 

.969« 102 

.668« 107 

.494« 10 

.848« 10' 

. 78S « 10 

.211 « 10' 

.169« 10 

.403« 102 

.592« 102 

.114« 10' 

.371« 10* 

.132« 10C 

1 

-6 

1 
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3. 3. 3. 5   CONFIDENCE LIMITS FOR WEIBULL PARAMETERS 

Thr corJidence limits (or ß (The Weibull ihap« parameter) «nd a,   |th<f 
Weibull »calc parameter) have been calculated for relay« and are presented 
in Tables  3-1' and 3-14.    Since the Weibull line of best fit was the regres- 
sion line calculated by the method of least  squares,   the confidence limits 
are set on the slop« and intercept of this line      The details of the procedure 
usid «re described in Appendix VII. 

3. 3.4   ANALYSIS OF RELAY OPERATING PARAMETERS 

Throughout the study program on relays,   poriodic measurement« we'-e 
taken on the following operating parameters: 

• Coil resistance 
• Contact re«; stance 
• Pickup voltage 
• Dropout voltage 
• Operate tune 
• Release time 
• Contact bounce 

As in the case of thia part of the analysis performed on switches 
(Section 2. 3. 4) it should be pointed out that this evaluation of changing 
parameters waa not one of the prime objective« of the study.    However 
approximately 100 linear regression analyses were performed on various 
combination« of cycle« ti. iirst miss,   cycles tu total failure and to the 
change« over time in each of the operating parameters named above. 

Time did not permit the complete evaluation of all of the regre««ion and 
correlation relationahipa studied but in general the re«ults were inconclusive. 
This wa« probably due to mea«urement error« that were large in relation to 
the magnitude of the change« occurring in the parameters during the life 
cycle of the part«. 

3.4   SELECTION OF * CCELERATED RELIABILITY TEST METHOD 
(RELAYS) 

The general procedure for «elec In^ de«irable te't run« for u«e a« accel- 
erated reliability te«t method« i« de«cribed in detail in Section 1. 4.    Thi« 
«ection i« an example of the application of tho«e rule«. 

Teat Run 1 in the relay «tudy program was defined a« normal operating 
condition« (3 amp«.   I cycle/second.  250C).    Therefore the other 26 test run« 
were «tudied a« potential accelerated te«t method«.    Table 3-15 «hows the 
compari«or. of each te«t run to the factor« which define a de«irable method. 
An "X" in the table means that a particular test run possesses the desirable 
trait. 

The logic associated vifh the specification of the most desirable accel* 
erated test method is as follow«: 

The analy«i« of variance and it« a««ociated computation« indicated that 
•II test runs at 3 amps contact load resulted in mean cycles to first mi«« 
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TADLE 3-13. CONFIDENCE LIMiTS FOR ^(RELAYS) 

Tut Run fl A(.025) ^(.975) 

1 1.68 1.127 2.233 
2 .66 .181 1.139 
3 1.21 .916 1.504 
4 .78 . 125 1.4)6 
5 .79 .316 1.264 
6 1.84 1.344 2.336 
7 .25 0 .966 
8 .28 0 .530 
9 1.35 .866 1.834 

10 1.14 .771 1.509 
11 2.49 2.204 2.776 
IZ 1.22 .948 1.492 n 1.59 1.076 2.104 
i4 .79 0 1.612 
15 1.39 .990 1.790 
l*r .22 0 .709 
17 .55 .318 .782 
18 .94 .404 1.476 
19 1.70 1. 305 2.095 
20 2.80 2.488 3.112 
21 2.11 1.763 2.457 
22 1.11 .615 1.605 
23 .25 0 1.50« 
24 .34 .007 .673 
25 .334 0 .779 
26 1.17 .865 1.475 
27 1.88 1.338 2.422 
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TABLE 3-J4.    CONFIDENCE LIMITS FOR cr (RELAYS) o 

Test Run Oo «»o|.025) Oo(.Q75) 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

IS 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

8.1S4 x 109 4.611 x lO9 1.442 x lO10 

8180 4956 13.338 

1.921 x 107 1.409 x 107 2.592 x 107 

99J8 5084 19.612 

16.755 10.253 27.315 

9. !89 x 109 5.758 .. 109 1.613 x 1010 

15.4 7.334 32.22 

12.5 9. 153 17.02 

2.052 x 10* 1.244 x 10* 3.091 x .Qb 

2.611 x 10* 1.785 x 106 3.816 x 106 

4.847 x 10>5 3.774 x 10>5 6.878 x lO15 

3.200 x 107 2.334 x 107 4. 128 x lO7 

5.445 x 108 3. 174 x 108 7.885 x 108 

16.398 7011 38. 379 

3.61U x 107 2. J75 x 107 5.446 x 107 

10.38 6.232 17.28 

367.7 288.8 466.7 

125,801 71.837 217.982 

2. 525 x io»o 1.675 x 1010 3.804 x 1010 

8.955x 10»7 6.6342 x 1017 1.2088 x lO18 

2.135x 1013 1.431 x 10»3 2.882 x 1013 

1.409 x 106 838,463 2.349 x 106 

34.9 9.512 128.07 

60.1 42.71 95.15 

28.24 18.31 45.95 

1.021 x 10* 741.208 1.406 x 106 

6.230 x 109 3. 565x 109 1.093 x lO10 
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that could h.»ve come from populations with the tame mear.     Hence they would 
i.ot quvlify a« good accelerated t^st method».     The test run» at 8 amps and 
250C and 8 amp» and lOQOC resulted in the shortest mean live» but these con- 
dition» resulted in many initial (ailurts and changes in failure mode.     The 
relays in Test Run I  (normal operating condition») failed due to material 
tran»fer between the blade and contact» increasing the contact gap beyond the 
range of blade »ravel.     The 8 amp condition resulted in many welded contact». 
If the two arm» of the bifurcated contact» we-e nc- oerfectly ali^ir 1.   one of 
th«m wa« -nelted back --^to a ;   olten ba'.l vhicn reduced tl " -ap and sometime« 
vi-)ded tw ihe blade. 

Eight amp» and 150oC>   although it» mean life wis higher,   »till »uffered 
from the welding and initial fai'ure» problem when .he arm» of the bifurca'ed 
contact» were not perfectly aligned.    Thi» contact load is »imply too severe to 
hope to u»c on this type of relay a» an accelerated te»t method.    (Note that the 
8 amp» contact load »tre»s would appear to be an excellent burn-in test.    Any 
relay» that were out of adjustment would very likely fail quite quickly.    One» 
that were perfectly aligned were operated during thi» etudy for over 200,000 
cycle» at thi» load.) 

The »election of the accelerated tert method i» reduced to tl.e nine te»t 
run» at 6 amp» contact load. 

The te»t» for goodne»» of fit by the compari»on of Juj and XJ indicate that of 
the tc»t run» at 6 amp» contact load vun» 23 and 24 exhibit a large deviation 
and hence probably do not fit the Weitull.    These were te»t run» where trouble 
was experienced with the mi»» detection device hence the cycle» to fir»t mi»» 
ire probably inaccurate. 

Vi»ial in»pection of the Weibull plot» of Te»t Run» 4, 13 and 14 indicate» 
that perhap» the line fit to the data would not hold if more observation» were 
available. Early failure» tend to deflect the line v/hen it is fit by the method 
of least squares. 

Thi» leave» Te»t Run» 5.  6,   15 and 22 for consideration as accelerated 
reliability test method».    Te»t Run 5 di»plays a decreasing hazard rate and 
therefore an indication of a severe early stress type of phenomenon that does 
not seem to lend itself to a study of wearout type of failure. 

Test Runs 6 and 15 are very close when their respective cumulative failure 
density functions are compared.   However 15 results in the highest probability 
of failure until approximately 240,000 cycles.    If Test Runs 6 and 15 are com- 
pared with regard to elapsed calendar time for performance of the test it is 
clear that Test Run 15 at 6 amps.  150oC, and 10 cycles per second is 
preferred.    Test Run 21 at 6 amps. 250C.   and 30 cycles per second is even 
more satisfactory in •.erm» of required calend?r time.    However Test Run 15 
displays a higher cumulative failure distribution over the range of interest. 
Therefore either of these test runs has merit as an accelerated reliability 
test method. 

3. 5   VALIDATION OF NORMAL TEST CONDITIONS 

The failure distribution describing life times under the n9rmal conditions 
of thi» report has been shown to be Weibull.    In obtaining valid comparisons 
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of the rxp^rtenic of thm report with reiprrt to rriayi *ith those of the 
litcrat-jrc,  thref problem» arose: 

J       Test conditun» (»nvironmental    nd oprrating) coul^ aiil be found which 
exactly duplic'.   " the nornial ti?»t condition« of thi» report. 

2.    The failure dai ■ in the literature usually appeared in aummary form 
i. e. ,  faiKire rate in percent per 1000 cycles or failure rate ih percent 
per 10,000 cytlen etc.     The actual test time,  number of failuVe». 
number of items evi test were not given. 

I.     Failure definitions were generally not given in the literature. 
« 

Actually problem 1 is not as serious as it appears since "similar" condi- 
tions can certainly give indications of agreement.    However 2 and 3 could 
seriously affect the comparisons.    The reason 2 is a problem is because when 
a Weibull distribution prevails the interchange of time and units on ten* \s not 
permissible and moreover th^ failure rale depend« on t (is not constant) hence 
to compare left experience requires test time to be knowr.,   number of failures 
and number of items on test.     The problem caused by 3 is obvious. 

Fortunately FARADA and manufacturer data wa« available which provided 
the necessary information even though the conditions of the test were somewhat 
different.    Failures caused by definitions not used in this report were elimi- 
nated from the FARADA failure data. 

Table 3-16 presents for the FARADA data and the manufacturer the number 
of failures experiemed in the tests of 100.000 cycles in length and the number 
of relays put on test.    The number of failures quoted is the actual number in 
the case of the manufacturer's data.    For the FARADA data one failure was 
deducted because it was due to a definition which would not have been a failure 
in this study.    The operating temperature of the FARADA and manufacturer 
data was 1250C.    The expected failures in 100,000 cycles is shown for test 
run #1 and test run #3.    Test run #1 shows a discrepancy between the expected 
and observed results.    However when test run #3 is used (operating tempera- 
ture 1 50oC) a statistical test shows no difference in the observed and expected 
results.    The numbers in the last two columns were computed by: 

Expected number of failures Test Run #1 = 230F| (100.000) 
Expected number of failures Test Run #1 •= 9Fi (100.000) 

Expected number of failures Test Run 13 
Expected number of failures Test Run #3 

230F3 (100,000) 
9F3 (100.000) 
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TABLE  3-16.   COMPARISON OF TLST RESULTS WITH FIELD DATA 

Source 

Number 
of Items 
on Test 

Length 
of Test 

Number 
of 

Failuie» 

Expected Number 
of Failures Based 

on this Report, 
Test Run I 

Fxpect'd Number 
of Failure» Based 

on this Report, 
Test Run 3 

Relay 
Manu- 
facturer 

230 100.000 
opera- 
tions 

14 6.9 13.8 

FARADA 
Reports 

9 100.000 
opera- 
tions 

I 0.27 0.54 
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SECTION 4. 0   MATHEMATICAL MODELS 

4. 1    SUMMARY 

The goal of this «rcUon is -o present possible mathematical representations 
of the physical process which occurs when moving from accelerated test condi- 
tions to normal test conditions.     This is necessary so that when other acceler- 
ated test» (denoted by • throughout) are conducted (at conditions similar to 
those of this repon) the normal condition parameter» Of,   and ß cm be estimated. 
Five separate models are derived,   presented,   and discussed. 

Model  1 

This model makes the (restrictive) assumption that ßj\ and ß^j are equal 
and thus only the dr^ and Oft differ.    In this case there exists a transformation 

ex c > 0 

and if c <  1 the acceleration is a true time acceleration,  I. e. ,   the physical 
law* being left unchanged. 

Model 2 

The model consider» a time ti ansformation of the form y = ex'* + a.    It is 
shown th.t it appears a H 0.    This transformation allows for ßA ^ PN *n<* 
aA ^ aN-    Moiel I is a special use of this model with d = 1 and a 5 0. 

Model 3 

This model is based on the assumption that the time transformation func- 
tion on the cumulative distribution function TFC,   say g(x). 

where 

FN(x) = FA [g(x)] all x 

is constant for all accelerated tests,   i. e.. 

g(x) = g*(x) 

where g<x) is the TFC of this report and g*(x) is the TFC of a future acceler- 
ated test.    It was shown that Models 2 and 3 are identical. 

Model 4 

This model assumes that the time transformation function on the hazard 
rates (TFH) say j(x) where 

hN(x) = hA lj(x)] 
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!• conKtant tor all «ccelrratrd test*,   i. e. , 

}{*) = j*<x)   all x. 

Model 5 

Thi« model is based on the assumption that the ratio of the hazard rates 

i» the same for all accelerated tests,   i. *•. , 

K(x) = K«<x) 

The algorithms for these models appear in table 4- 1.    Table 4-2 presents a\, 
^A*  ^N*   ^N *• discovered for switches and relays in this report.    Note that 
the "•*-    always denotes an ^»ti:T>ate oi the quantity under the "y'" and thai ♦ 
denotes a test other than the tests of this report. 

There are certainly models other than the ones presented which could be 
considered but the five presented have the advantage» that 

1. They are simple to express mathematically 

2. They are intuitively appealing »e representatives of the physical 
process. 

Numerical examples of each model are given in Appendix VIII-6 

Which of the five models presented most faithfully represents the physical 
phenomena occurring in switches and relays when operating and environmental 
•tresses are increased will be further studied.    However Models 2 and 3 would 
appear to be the most logical choir.es since they relate the cumulative failure 
distributions of parts failing ut both normal and accelerated stress levels and 
since they describe a compression of the time axis. 

4. 2   RELATIONSHIP OF THE FAILURE DISTRIBUTION UNDER 
ACCELERATED AND NORMAL CONDITIONS 

In the previous sections accelerated test(s) were recommended which ap- 
pear feasible from a physical and time standpoint.    That is they preserve 
modes of failure and obtain failure data in <ihort periods of time.    However 
the task still remain» to describe (hopefully in mathematical tetms) what 
went on physically when the test conditions were accelerated.    More specifi- 
cally this section addresses itself to this problem: 

Suppose, at a future time, an accelerated test similar to the one recom- 
mended is run.    The problem is:   what algorithm or instructions should be 
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followp<j using Ort  and ^J to obtain petimate» o( the normal condition O* and 
ß*   .ay a« and ^? 

For example »t is not at all clear that differences are appropriate,   i. e   . : 

or that ratios are apropos,   i. e. : 

-v ■y. 

\2) 

If these algorithms are used it is not obvious what physical laws are govern- 
ing.    The best method then is to propose mathematical models,   see what 
algorithm results and then validate these models.    The various models are 
considered in the following subsections. 

4.3   MATHEMATICAL MODEL #1:   FOR A TRUE ACCELERATED TEST 
WHEN THE FAILURE DISTRIBUTION IS KNOWN TO BE WEIBULL I 
BOTH AT ACCELERATED AND NORMAL CONDITIONS 

( 

It has been demonstrated in this report that the failure distributions are 
Weibull at both accelerated and normal condiUons.    Now t certainly appealing 
definition of a "trV accelerated test is one that:   leaves the physical laws of 
failure unmolested but merely accelerates their action.    That is,  the time 
axis is "compressed" but the shape of the distribution is left untouched.    For 
the Weibull distribution this can be accomplished as follows.    Suppose the 
lifetime x at normal conditions is Weibull, i. e.: 

PN x 

F(x)= 1 - e     W x. ß,^. 0^, >0 (3) 

where the N subscript denotes normal conditions.    Now suppose the change of 
variable: 

y > ex is made. (^) 
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Then 

Hy) « I - e 

y ^ 

s   1    - 
•y     c   o^ 

(5) 

y. f^. o^.. c > 0 

(6) 

»nd hercr y it again Weibull with 

•hap« parameter bet« * PK, s ßA 

*nd icale p*r*Tneter alpha » c     <**! * ax 

Moreover if the distribution of failure, at accelerated condition. 1. WeibulJ 

^A^N 

and 

then there alway. exi.ts a nontrivial .olution to the equation 

• PN « K i: > o 

and hence if the failure di.tribution. ^re Weibull at both accelerated and , 
mal conctiuon. with pA = ^ there alw.y. exi.t. a tr an .formation, y Tex 
tnat Üjcre i. a comprc.ing or .tretching of the time vd. by a factor of c 

(7) 

nor- 
•uch 

«A*^ 

then flfA » Kak,   -^K < 1   -^c < 1 »nd the tr*n.form*tion y - ex i. « com- 
pre..ion of Üie time *xi..   Since y = ex » Ü when x - 0 thi. compre.Vin. cS 
be thought, of a. fastening an ela.tic line at x « 0 and pu.hing o7i. l'n,'^ 
x - -) by a force of "magnitude" c.   Sine. th. change V« ex left ?IneJIna.d 
thi. transformation amount, to lifting the failure di.tribution off the time 
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av.t,   comprr » «inn the timr *xi% *nA then «ett»   4 d ^wn the d, Mr 1 but »on again 
with it» »hap« unch*iiiird,     Ihf«e id«*a *fe pretrnte«! in Finurea 4-1 and 4-Z 

Th» algonthp» f^r thia niodel  i  1» prr»»«rt''d in Table 4-1,     Trie derivation 
o( the »IgorUh-n i» contained in Appendix V III   I 

4. 4   MATMEUATICAL MODEL §Z.   THrl CF.Nl.RAL FORM 

When (aa it is alway* aatumed) the failure di atributiona «re Weibull at both 
accelerated and normal condition» l^e maM   'general" mathemAtica" expre»- 
• lon (or the change relationship it: (   here x 1» time under   tormal condition») 

y * ex    ♦ a 

= > x 
1/d 

C) 

hence 

F(y) = I - e 

IjLZjil 
1/d 

TTd 

^N 

^ 

....f^ "N 

thus y is again Weibull with 

location parameter 7 a a 

!raAS\cd/aN 

a. y. t^,. ßj^. d. c >0 (10) 

scale parametei 

shape parameter P.      ^W** 

Now in this study y was always zero so the general form appears to be 

(11) 

y ■ ex (12) 
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It will be noted from (11) that th»(. tr»n»(orm«t«on allo«ra for :h«nnc« In O 4QjJ 
tJ Roin^j (rom noyrn*! to acv-rlfr*ted condition».    The parame^r d can be ett»- 
matrd Irom tKi« report a* follow».    Since Irout (11) 

d » *N 

and hence 

(13) 

•imilarly (rom (11) 

hi 
d 

'A'    C ** 

c » 
aA    ^^N 

^ 

and hence 

*'K (14) 

^ 

If it is required that 

FA(x) i FN(x) for all x 

restrictions on c and d are easily derived.    However it is unnecessary to set 
this requirement as long as FA(x) « FN(s) for "small" x so restrictJons on c 
and d are not necessary.    The algorithm for this model 2 Is given in Table 
4-1.    The derivation is contained in Appendix VIII-2. 

In the next section a model called the:   Time transfer function on the cum- 
ulative distribution functions (TFC) will be used.    It will be shown in that 
section that that model (TFC) is equivalent to the model o£ this section, I. e., 
equivalent to 
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y * ex 

Note th*t the model of Section 4. 3 it this model wüh d =  I. 

4. 5   MODEL #3.    A T1MF TRANSFER FUNCTION ON THE CUMULATIVE 
DISTRIBUTION FUNCTION (TFC) 

Definition:    The time transfer function o.i the cumulative distribution func- 
tion (TFC) is a function g(x) such that 

FN(x) = FA (g(x)l (15) 

g(x) is easily found for 

^ [8(x)]PA 

•NU) = FA lg(x)] »   1 - e      "N      = 1 - e A 

PN PA 

% aA 

-fe) 

,/ßA      ßN/ßA 
x   N     A (16) 

Note that from section 4. 4 equation (I J) 

•■* 

and from equation (14) 

c » © 
hence 

■•■&) 
'A     ^W^A 

y»c« '107)       x <,7) 

^ Thus the TFC is Identical with the tranaformation of section 4. 4. 
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It mutt be then that the two rcpretent the fame phytical model.    No»ethe- 
let«,  for completene»» the algonthi-. »• derived in Appern*!« VIII- J,  (or pro 
ceeding from a (future) accelerated te^t to norm»! condit»ont.     It wiil be 
«••umed that the physical law n tuch that:    g(x) IS ALWAYS THh SAMK.  I   E 
g(x) a g*1x) where g(x) it tho TFC for thit rrport and g*(0 it the TKC for a 
future accelerated test (at the nAn-.e acceleratrd conditiont a« thit report of 
courte).    The algorithm for thi t model 3 it given in Table 4-1. 

4. 6   MODEL #4:   A TIME TRANSFER FUNCTION OF HAZARD RATES (TFH) 

Definition:    The time trantfer function o.i hasard ratet (TFH) it a function 
j(x) tuch that 

hj^x) » hA[jU)l 

where h^x) and hjsjlx) are the haxard ratet for the Weibull dittribution under 
accelerated and normal condition! retpectively.  k. e. , 

h(x)SgxP-1 

j(x) it eatily found for 

PA'1 

ß^x  ^N"1      PAlj(x)I 

v> -1%    - -^^r    *hAlj(x,J 

j(x) 

It it interetting to note that the TFH and the TFC (defined in »ection 4. 5) arc 
never identically equal; not even for the exponential dittribution.    The proof 
of thit it contained in Appendix VllI-4. 

The above contiderationa Indicate that (excepting the trivial situation when 
pA 

s ßjsi; aA « fl^j) the model of section 4. 5 and the model of this section de- 
scribe different physical processes. s 

Suppose now that it is decided that the physical process is rac.S that the 
hasard rate transfer function.  TFH, ALWAYS REMAINS THE SAME from 
test to test (provided the same strett environment as in this report it main- 
tained) i. c., in a future accelerated tett the physics of the process are tuO 
that 

j(x)«j«<x) (18) 
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where j*(x) is the transfer function from normal to accelerated hazard rate in 
a future te»t.    The resulting algorithm is given in Table 4-1 under model 4. 
The proof is contained in Appendix VIII-4. 

4. 7   MODEL #5:   CONSTANT RATIO OF HAZARD RATES (CRH) 

This model is suggested by the well known "K factor. "    This K factor is 
known in reliability circles as the stress factor which converts the failure in 
one set of environments,   say normal,  to the failure rate under »tress condi- 
tions.    In this report it is given by equation A-19 in Appendix V11I-4: 

i'W = K(^)„ j (x) = K (:=p-J (for the exponential distribution) 

From equation A-18 in Appendix VIII-4 it can be seen K is indeed the ratio 
of the hazard rates.    Unfortunately in the case of the Weibull distribution the 
K factor relating two environmerts (normal and accelerated say) is not a con- 
stant but depends on x and is more properly written K(x).    In any case it cer- 
tainly seems to make sense to try a model such that the physical laws oper- 
ating ALWAYS KEEP K(x) THE SAME,  i. e. 

K(x) = K*<x) for all x (19) 

where 

K(x) 

KHx) 

hA(x) 

The algorithm for this model 5 (CRH) it given in Table 4-1.   Its derivation is 
contained in Appendix VIII-S. 
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Model  1 

Model 2 
and 3 

Model 4 

Model 5 

TABLE 4-1.    ALGORITHMS 

"N 

^ = ^ A  Jx1* 

(« 

af:*a£/ ^/ 3 

ft) 

^ . "S^R /     in 
^ ^x ^A-' 

^^ 

^5 

>»•»> 

»a-^x 

^m*. D* i 

%-^ + l?N-^ 

TABLE 4-2.    OBSERVEO WEIBULL PARAMETERS 

Switches Relays 

Test Run 1 

Test Run 14 

Test Run 15 

^ = 4.07 

2^ = 53. 848 x 10 

*A=1.53 

.aA = 2. 594. Ml 

^=1.00 

aA = 14.440 

17 
Test Run 1 ^«1.68 

OJI « 8154 x 106 

Teat Run 15 JiA.1.39 

aA» 3618 x 104 

Test Run 22 ^»1.11 

aA» 1409 x 103 
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4. 8   CONCLUSIONS ON MATHEMATICAL MODELS 

Further investigation can provide data for validating une of the modrls 
suggested.    However it is well to perhaps look ahead as to the probable out- 
come.    As pointed out previously models Z (the transformation y - cxd) and 
3 (the time transformation on the cumulative distribution function) are identical 
and model I (the transformation y - ex) is a special case of mooel 2.    Model I 
will not be applicable because the /J's change from accelerated !o normal and 
hence d   ft   1. 

The fact that models 2 and 3 are identical provides a possible clue as to 
which of the models (2 and 3 or 4 or 5) will best describe the relationship be- 
tween accelerated and normal conditions.    The cumulative failure distribution 
F provides a complete statistical description of part life behavior at both nor- 
mal and accelerated conditions.    Now model 3 usej the accelerated and normal 
F'« and relates them by a constant function.    On the other hand model 2 assumes 
that the physical laws are such that the time axis x is being compressed to y by 
y = ex** and this expression provides a link beiween "time units ' at accelerated 
conditions (y) am' time units at normal conditions (x).    Thus models 2 and 3 
answer two of the most imporUnt questions of accelerated testing,  namely: 

1) what is happening to the failure d.stributions? 

2) what is happening to the time units? 

In addition it turns out that models 2 and 3 are identical.    Hence it is sus- 
pected that these models will adequately describe the algorithm for proceeding 
from accelerated to normal conditions. 

Models 4 and 5, although distinct possibilities,  suffer from the same short- 
comings.    That is it is difficult to heuristically justify why the hazard function» 
should be related by an unchanging function (model 4) and (model 5) why the 
ratio of the accelerated and normal hazard rates should remain consUnt. 
Model 5 is a general case of the well known K factor.    However when the single 
parameter exponential does not hold it is difficult to interpret just what the K 
factor means.    In addition,   since models 4 and 5 are different from each other 
and different from 2 and 3,  the validity of model 4 or 5 would indicate that the 
physical proces« cannot be interpreted in terms of time compression (model 2) 
or relating the failure distribution (model 3).    This would be a somewhat sur- 
prising result. 
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5. 0   MECHANICAL SEALS (O-RINGS) 

5. I   SUMMARY 

The life te»t» perlormtd on O-ring« in the «earch (or accelerated reliability 
test methods involved the use ct part type AN t>227B-ll.    The stresses studied 
were     I) arrbient temperature at 200.   ZbO.  275'F and 2) ultraviolet exposure 
at none,   . 1 watt/(t2.  and . Z watt/ft^    Ten parts were life tested at each of 
the 9 combinations of temperature and ultraviolet. 

An analysis of variance indicated that both the  temperature,  and ultra- 
violet and the interactions between them affected part life.    The p^rts tested 
at 200*F and no ultraviolet lasted an average of approximately 1750 hour«. 
Those tested at 200*F and . 2 watts/ft* lasted approximately 1300 hours. 
Those tested at ZTi'F and . 2 watts/ft2 averaged 135 hours.    F'    .i these typ- 
ical number« it can be seen that increasing the temperature under which thi« 
type of O-ring operate« will reUuce it« life very «ignificanlly.    However the 
inclusion of a second «tress in the form of ultr^viclet in combination with the 
ambient temperature results in a substantial additional reduction in te«t time. 
'This is an illustration of the value of testing using combined environments 
in preference to the application of single accelerating «lessee or of te«ting 
using stresses applied sequentially. 

The failed part» were «ubjected to micro«copic inspection after failure. 
Radial cracks were the predominant failure mode found although many part« 
also contained network« of circumferential crack«. 

The failure time« of O-ring« were studied to determine their characteristic 
life distribution.    The nine combination« of accelerating «trc««e« included in 
thi« study program indicated that this type of part fail« according to the 
Weibull distribution. 

The eseence of any accelerated reliability test method i« the requirement 
that there mu«t be iome way to relate part life at «tresied condition« to part 
life at normal or manuiacturer'« rated operating and environmental con- 
dition«.    In the ca«e of the O-ring« «tudied here, tinie did not permit the 
testing of part« at room temperature and therefore no true benchmark to 
normal condition« en«t«.    However a «tudy of the te«t re«ults clearly «how« 
how part life varies over the applied range of accelerated «tre««e«. 

5. 2   DETAILS OF THE INVESTIGATION 

5. 2. I   STRESS SELECTION 

The mechanical seal «ele. ted for «tudy wa« an O-ring of the type 
AN b227B-ll.   It wa« of Buna N rubber, had an OD o£ 3/4", ID of 9/16" 
cross «ectional width of 3/32". 

and 
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Unlikp »»iti. hr » vr ry littlr informatu n rrla tin< mri harm at Iifr to pru i r<>n- 
mrntal strrvitrs was availaMr. An investiKation of potrntially usablr acirl- 
rrating stresses induated the folUiwing general pn-perties

Tear resistance lair

Abrasion resistance go(»d

Aging (Ultraviolet) fair

Oxidaticm (Ozone) fair

Resist.ince to compression set good

Oil and gasoline resistance excellent

Acid resistance good

Cold resistance (freezing) good

Heat resistance good

Permeability to gases medium

Flectrical resisti\ity low

Resistance to cutting good

Resistance to water swelling excellent

An examination of the above properties resulted in the elimination of those 
that would be difficult to repeat with confidence. Also eliminated were 
stresses that would require removal of the rings from their test block since 
handling would be a difficult to control condition. Since a combined environ
ment test was an objective of the project known non-compatible tests were 
ruled out.

This resulted in an initial accelerating stress selection of;

Aging (Ultraviolet)

Oxidation (Ozone)

Heat Resistance

The test method and test equipment used are described in detail in 
Appendix V-3.

While conducting tests to determine stress levels to be utilized it was 
found that total breakdown of the ozone occurred at temperatures above 200*F. 
This resulted in elimination of ozone as an accelerating stress. References 
indicated that Buna N rubber compounds are relatively insensitive to damage 
at temperatures below 250T. then fore samples were tested at 300’F and 
found that failure occurred in less than 88 hours.
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It »a* frit that mraaurrmrnl rrror rraultin* from thr Lorrbinatiun* of 
hratin< and loolm* cytlc* involved in thr tritin,j procedure would be too great 
uith Ihi* *hor* v->( life »pan. SuS»rq«.rnt tr»t» and information led to the 
«pr» iMiation of JTS'K a> thr upper limit. iOO'K a* thr lower limit and an 
ii.trrinrdiatr condition of JSOT. All avaiUMr in; .rmation indicated that a 
lower temperature would not pri-d'n e failure* within the contractual period. 
The level of the ultraviolet expo«ure wae determined from a etudy of manu
facturers data on thr light sources.

A summary of the overall stress selection is:

Applied Stress Normal Intermediate

Temperature

Ultraviolet Exposure

200T

None

250T

0. 1 watt/ft^

Maximum

275T

0.2 watt/ft*

S. 2. 2 STATISTICAL EXPERIMENTAL DESIGN (O-RINCS)

A 2' factorial experiment with 10 replications was selected for the study 
program on O-ring*. This was to allow for the evaluation of the main effects 
of temperature and ultraviolet a* well as thei»' interactions when applied as 
ccmbined stresses. Table 5-1 describe* the different combinations of test 
conditions included in the test program.

It was impossible to operate these parts at temperature* lower than 200*F 
and still be able to observe a sufficient number of failures during the contrac
tual period to perform an analysis. However, ranges of temperature and 
ultraviolet exposure were included as test conditions which would yield a 
general idea as to the manner in which life varied as stress levels were varied.

TABLE 5-1. FACTORIAL EXPERIMENT FOR O-RINCS

V
b
3
e
b

e
y

Ultraviolet Exposure

None . 1 Watt/Ft. ^ .2 Watt/Ft. ^

200 (1) (^> o»
250 (4) (81

275 (7) (8) (9)

Note: The number* in parentheses are designations used throughout 
the study to identify each of the nine test runs. For example Test 
Run »5 consists of 10 O-ring* which were tested at 250*F and 
. 1 Watt/Ft. Each test run conuined 10 O-ring*.



S. Z. 3   DKKIMTION OF FAILURE 

O-tin^s arr parts ttial van be uwrd for many different appluations invoKing 
many riillerrnt o; eratu-nal  stresse« and  ranges of use i ond'tmn«.     The test 
result» obtained  in this  study to measure O-nn^  hie  rii)»;ht dilter  yrcitl',   trom 
those em Own i»1 red in other appln ation«.     For this appl u at ion the cef mition ol 
failure is that there uill be nu leakage durinij three i y> les during v,hu h the 
pressure on the test fixture is raist-d to   I SCO psi . nd held tor one minute. 
The details o{ the test method are described in Appendix  V. 

5, 3 PRESENTATION OF TEST RESULTS 

The  study to find an accelerated reliability test method for O-nngs was 
performed by testing   10 parts at each of 9 different combinations of two 
stresses.     The  stresses induced in the  study were temperature,   and ultra- 
violet exposure.     Eai h  stress vvas applied at   3 levels ol  severity.     The  result« 
of the tests on individual parts at each of the test conditions are shown in 
Table 5-2.     Each cell in the matrix representing a given le'.el of temperature 
in combination with a fixed level of ultraviolet radiation is numbered in the 
lower left hand corner in the table.     These numbers designate the terminology 
to be used in explaining the test results.     For example  Test Run 1  represents 
the hours to failure of   10 O-rings tested at 200oF and no ultraviolet exposure. 
The mean value (TT) of each test run is snown in the table.     The numbers in 
parentheses are the failure modes (see Part  5. 3.2 of this Section for 
definitions). 

5. 3, 1   ANALYSIS OF VARIANCE 

Before an analysis of variance could be performed on the O-ring life test 
data,  a logarithmic transformation had to be made on the data.    The reason 
for this was,   as in the case of switches and relays,   that the variance of the 
longer life test runs y/as much higher than those tested at accelerated condi- 
tions.    The analysis of variance indicated that both temperature and ultra- 
violet and their interactions affected the life of O-rings.    The details of these 
effects are shown in Table 5-3. 

The F Ratio indicates that both temperature,   ultraviolet exposure,  and 
their interact;ons are highly significant.    This is evaluated by comparing the 
values in the column in Table 5-3 marked F. 05 to the values in the F Ratio 
column.    A larger number in the F   Ratio column denotes significance.     The 
Components of Variance analysis substantiates the values of the F Ratio but 
points out that temperature exerts an extremely powerful effect on the life of 
these parts (about 98.4% of the observed variance).    In spite of this over- 
whelming amount,   the effec'.s of ultraviolet and their interactions are large 
enough to he felt.    The right hand column in Table 5-3 gives a complete list 
of the % contribution to total variance of all of the effects. 

5.3. 1.1   t TESTS 

Aa in the previous analyses on switches and relays,  the t tests are per- 
formed to observe how the interactions are grouped in order to select those 
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TAHLK S-2.    O-RINGS:    MOLRS TO FAILURE 

No 
Ultraviolrt 

:OO
0
F 

X  =   17 

ITfM 
IbH 1 
\7H4 
lrtt)2 
I7H4 
lb«} 
1784 
lb8i 
17H4 
17SI. 

0) 
(I) 
(1.2) 

(I) 
n,c) 
(1) 
(1) 
(1.2) 
(1.2) 

(1) 
4  «1 

250UF 

X •- 

399 
422 
338 
444 
3o7 
3b7 
393 
39» 
314 
292 
372. 

(1) 
(D 
(1) 
(1) 
(1) 
(1) 
(I) 
(U 
(I) 
(1) 

#4 

2750F 

147 
147 
128 
147 
165 
147 
147 
16S 
147 
147 
148. 

(1) 
(1,2) 
(2) 
(1.2) 
(1.2) 
(1.2) 
(1.2) 
(2) 
(1.2) 
(1.2) 

#7 

0. 1 Watt» 
Per Ft. ^ 

X - 

114) 
1628 
1373 
144S 
1 »73 
1628 
1309 
137} 
1373 
I 30^ 
1 395. 

(1) 
(1) 
(1) 
(D 
(I) 
(1.2) 

(1) 
(1) 
(1.2) 

(1) 
4       #2 

X  = 

314 
343 
393 
393 
314 
343 
314 
343 
314 
338 
340. 

(3> 

(1) 
(1.2) 
(1.2) 

(1) 
(3) 

(1) 
(1.2) 
(1) 
(1) 

#5 

121 
129 
147 
147 
147 
12» 
129 
129 
165 
121 
136. 

(1) 
(1.2) 
(1.2) 
(1.2) 
(1.2) 
(1) 
(1) 
(1.2) 
'1.2) 
11.2) 

0. 2 Watt« 
Per Ft. 2 

1)7) 
1445 
1445 
1309 
1143 
1309 
1215 
1373 
121S 
1143 
1297. 

(1.2) 

(1) 
(1) 
(1) 
ID 
(D 
(1) 
(1) 
(1) 
(1) 
0 #3 

X = 

393 
366 
338 
338 
3 38 
343 
338 
314 
338 
367 
347. 

(1) 
(1) 
(3) 
(1) 
(1) 
(1) 
(1.2) 
(1) 
(1.2) 
(1) 

#6 

X = 

129 
121 
121 
129 
129 
165 
121 
165 
121 
147 
134.8 

(2) 
(1.2) 
(1.2) 
(2) 
U) 
(1.2) 

(2) 
(1.2) 

(1) 
(1.2) 

#9 
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TAHLJ;  =.-3.     ANALYSIS OK  VARJANCf: - O-KINÜS 

Su in DP K r r «■ « 9 

i if of M <• a n F 
F.os 

r>'ntr;v-'iti n 
Sour«, e oi V*rian. r S<)iiarp» F'r et-ilorTi S<j\i.\ rp * Rati-, Iw   Varian* p 

Rcturrn l^.,:>0^t S 2 7.^5334 47'->1.2 4. 00 7(4, 4 
tf n\prrature« 

Betwrrn Ultra- .08.11 1 2 .04100 24.7- 4. 00 . 5 
violet Lrvrls 

Intpra». tion 
UP tu pen 

.0319^ 4 .OlüOO 
9.0^ 2. 53 . 5 

Tcnpcrature 
and 
L'ltra\ iolpt 

Rpsidu.^l .13473 81 .OOlbb . 0 

Total lb.15531 89 100.0   *<, 

*Dpnütps significance at the     . 03 level. 

combi.iations of stresses causing differences to occur in the  mean lives of 
the parts under test. 

The logarithmic mean» of each of the 9 O-rirt; lest runs are shown in 
Table 5-4.    The interval between means required before significant differ- 
ence» can be said to exist is calculated as . 03.    This is based on t  05 with 
81 degrees of treedom and the residual mean square of . 00166 from the 
analysis of variance.    The interactions form into six distinctive groups as 
described by their mean». 

TABLE 5-4.    TEMPERATURE AND ULTRAVIOLET INTERACTIONS ON 
O-RINGS 

« 
3 

a 
E 

H 

Ultraviolet 

No UV . 1 Watt/Ft.2 .2 Watt/Ft. 2 

200 3.24 3. 14 3. 11 

250 2. 57 2,53 2.54 

275 2. 17 2. 13 2.12 
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'.OS 

V    n n 

l.et,        / n5         x, - Xz 

».00 /ToOOiiZ        -    l.bö (.0H2) ^ X,   -  X, 

.OJO. x,- xz 

Thr groups form as follows in ordpr of largest mean life and descend to 
the shortest 

Temperature Ultraviolet 

^0UoF. no U.   V.   -  J.24J Group 1 

^00oF. . ^.arts/ft.2 UV --  3. 14 I _ 
200"F. .2 *alta/ft.2 UV -  3. 11 I Group 2 

ic>0oF. no U. V.    =2. 57 | Group 3 

2S0oF. . 1 watt/ft. 2 ^ 2. 54 1 _ 
2S0"F. .2 watt/ft.2 = 2.53 1 Group 4 

2750F, no U,   V.   ^2.17J Group 5 

2750F. . 1 watt/ft.2 - 2.13 1 
2750F. .2 watt/it.2 = 2. 12 1 Group 6 

From the above analysis it can be seen that the major change in life 
reduction occurs as higher temperatures are used.    However,  where ultra- j 
violet is used a significantly shorter life is noticed.    In no case is the effect 
of the 2 levels o.' ultraviolet of sufficient difference »o be noticeable. 1 

I 
5.3.2   FAILURE ANALYSIS OF O-RINGS 1 

j 

Each O-ring,  after failing the pressure test,   was inspected under a micro- i 
siope to determine the nature of the failure mode.    There are cnly two 
failure modes that appeared predominantly.    They were: 

1. Radial fracture or deep radial cracking. 

2. Circumferential cracks usually on the outside diameter of the ring. 

V    No defect visible. 
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To give a brttrr view of Ihr frrqueniv of tHturrrrur of eai ► of th«* abo\r 
failure irtiHlr*. rrferrnir i* made lo TaMr S-i. Trie nur it>er< iri (.a rrnthr «e» 
cor re epond to the la i lure mode definition* aSove. The 11 rc jmferent'al « r»i k « 
that appear ov casionallv throughout all but Te«t Run 4 «ere lo< ated randomly 
along the outer *urfa(r*. They u«uallv. but not a*»ay«. >*ere connei ted to 
deeper radial c rai k*. The i ircuinferential i ra>. k « peri >du ally i ro«<ed the 
mold line on the outer diameter of the O-ring. The aeveritv and frequency 
of both the radial ^nd the cirv umlerential t raik* did not «rrm to form a 
pattern that im.rea*ed in »everity »ith »tre*». The lone exception to thi* »a* 
at ixhere a larger proportional amount of i irv umferential iraik*
occurred. The detailed de»c ription of the failure analyai* of eat h 0*ring_ 
appear* in Appendix IV.

5. J. J ANALYSIS RELATED TO LIFE DISTRIBUTION FUNCTIONS

The failure data for O-ring* ica* plotted on the Weibull probability paper. 
The result* of thi* are shown in Appendix VI- 1. The Iinea of best fit were 
calculated on the computer by the method of least squares. The Weibull 
shape iff) and Stale (al parameters were caltulated and are *_mmarired in 
Table S-5. Alpha (<•),) is the coded value corresponding to the scale p.iram- 
eter that can be obtained from the Weibull plot of each test run. Alpha Uso) 
ts the uncoded value of the scale parameter.

TABLE 5-5. SUMMARY OF WEIBULL PARA.METERS FROM O-RING TESTS

Ultra violet Exposure

No UV 1 Watt/Ft^ .2 Watt/Ft^

u zoo 0 17.75 0 2 10.71 0 -■ 11.01
- 19.930 «3 Z 48,424 «3 ■- 22.6 46

•w «o s 35, 4 3b X 1051 «o r 65, 324 X 10^9 tto 24.277 X 10^0
2
4 250 0 s 8.^ 0 2 8. 12 0 ^ 22. 4b
u%) “2 s 102,740 *2 2 25,330 «2 2314 X 10*7
ac «o 2 85,0b9 X 10>7 «o 2 43,618 X 10*^ «o - 19, 248 X 10'*‘
5

H 27b 0 2 14.68 0 2 7.94 0 = 5. 17
«2 2 403. 43 ®2 2 15.487 «2 = 4 95
«o 2 92,426 X 10^7 ®o 119.Ill X 10>2 a„ X 106. 326 x lO**

5. 4 SELECTION OF ACCELERATED TEST METHOD (O-RINGS)

t

> f
r

It would appear that any of the stresses induced during the O-ring tests 
srould result in an acceleration of the failure of the parts. Temperature 
exerts by far the most significant effect on the life of O-rings. but ultra
violet ha* demonstrated its usefulness also as an accelerating stress. The 
true validation of whether or not the results found in this study are translat
able to the life of O-rings at some other range of temperatures cannot be 
answered. The basic relationships shown here doubtless vary for parts



sp-..

produk.rd from different material*. However the main objective of the teat 
ba» been aciomplished * - namely demonstrating how the life of a given type 
of O-ring varies when subjected lo a given appIici>tion. tinder various com
binations of ultraviolet and temperature stresses. It ha* also been demon
strated that a ivinbined envi.-onment* test involving both temperature and 
ultraviolet results in an added redu> tion in life that would not be in effect if 
the temperatu.-r and ultraviolet were applied separately or sequentially.
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SFCTION 6.0 TIMING DELTF 

6. 1   SUMM AB Y 

The timing belts  selected for study were upcrat'-d at nor'n.il stress levels 
(1/1SH.P.   load with a pulley containing 18 lecth) .uul at S other combination» 
of load .ind pulley diameter calculated to result .n accelerated stress levels. 
A lull factorial experiment was planned with  S  replications   in each cell.    Not 
cnouih failures were observed during the contract period to allow pe rformanc. 
of ether an analysis of variance or to study the ch • rac te n stu   failure distri- 
butions of these parts operated at the ■  nous combined stresses.    Several of 
the failures that verc observed appeared to bo infant mortalities however and 
this point bears further stuay. 

6. I   DETAILS OF THE INVESTIGATION 

6.2.1   SELECTION OF STRESSES 

The timing belt selected for study had the following properties: 

1/5 pitch 
\l inch pitch length 
60 teeth 
.0 37 mc hes wide 

The teeth were of ncoprene with nylon facing.    The tension member was 
steel (.nble .vith ncoprene backing. 

Manufacturer's information was primarily aimed at selection for specific 
application.    A maximum operating temperature range of -30° to +1850F was 
indicated.    Field experience has shown a lite expectancy of 8000 hour? if 
operated at room temperature and if all recommended design practices were 
followed for the application. 

An investigation of usable accelerating stresses included those that would 
be introduced by the fo.'lowing conditions: 

Fluctuating load 
Reverse bending 
Belt speed 
Belt load 
Pulley size (FKxing Radius) 
Temperature 
Sunlight 
Ozone 
Humidity 
Corrosive Atmosphere 
Misalignment 
Initial Tension 
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Sine fomasts  And initial tost«  induatcd that a long duration of trst tji..e 
would U' involved,   thos.-  fat tor»  th.it would cause  relatively  rapid failure« n( 
*hv test «i-tup v*.r«- elinur at.-d.    Stresse» that would present difficult control 
or duphi ation problem»   Aere rhminated.    Thi» resulted in thr »election of 
the  lollowin« accclora'ir.g stress factor»; 

Load 
Pulley »ire 
Oione 

Preliminary tests indicated that a load in excess of 1/4 horsepower 
resulted in consistent "tooth jumping" on the minimum pulley size which pro- 
vided tho upper load limit.    The lower limit was established by calculating 
the  recommended load condition and adding 15% resulting in a loa«: of 1/15 
horsepower.    An intermediate load of 1/8 horsepower w:« then selected. 

Maximum pulley size was established by using the  18 tooth jullcy which 
is the smallest size indicated by design charts for the recommended load. 
The minimum pulley size was  established by selecting the  smallent standard 
size available that would fit on the shaft diameter required.    The  12 tooth 
pulley size lilted these  requirements. 

While ozom- was selected as an accelerating stress to b-? applied,   explora- 
tory tests  resulted in great difficulty m its generation and measurement. 
Hence its use as an acceK rating stress was discontinued. 

The stress levels selected and used in the test« were: 

Applied Stress Normal Intermediate Maximum 

Load 1/15 H. P. 1/8 H. P. 1/4 H. P. 

Pulley Size 18 tooth 15 tooth 12 tooth 

The test method used is described in detail in Appendix V-4. 

6. 2. 2   STATISTICAL EXPERIMENTAL DESIGN 

As in the studies relating to switches,   relays,   and O-ring»,   a factorial 
experiment was devised for use in studying the reliability characteristic» 
of timing belts under various combinations ot stresses.    The stresse» and 
stress levels specified are shown in Table 6-1. 
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TAIU.K 6-1.    FACTORIAL t:XPKR'Mi"NT FOR TIMING  HFLTS 

Pulley Si/c (No.   of If.th) 
I« 13 U 

^  * 
1/15 (1) (4) (7) 

.3^ >/7 (2) (S) (8) 

^ 1/4 (5) (6) (9) 

The numbcra in parentheses  are designations used to identify each group 
of five bolts tested at a given combinat.on of stress lev< Is.     For example 
Test Run 9 consisted of  5 belts  tested at a load o.'  1/4 horsepovter using 
12 tooth pulley. 

6. 2. 3   FAILURE ANALYSIS OF TIMING DFLTS 

At failure each belt was  subjected to a visual failure analysis.     The  results 
of this inspection were entered on the data record sheet and the belt was 
placed into an envelope bearing its identification number. 

6.2.4   DEFINITION OF FAILURE 

Failure of a timing belt waa defined as the loss of ability to transmit the 
required load.    Cracking or other deterioration were not considered failures 
as long as the belt ttill could transmit power.    In general failure occurred 
by either breaking of the belt or by shearing off of the teeth. 

6. 3   RESULTS OF TEST PROGRAM 

'. 1 <• original test plan called ior the operation of 5 belts to failure in each 
of the 9 test runs.    However orüy a total of 9 failures were observed during 
the entire test.    Table 6-2 shows the test hours accumulated at each of the 
combined stress conditions.    A total of 66, 460 part hours were recorded. 

It will be noted that different production lots are included in the test 
program.    This occurred because a pilot purchase lot was obtained to do 
exploratory testing in the selection of stress levels.    After the stress levelr 
were fix-d a large lot of parts was obtained from a single manufacturing lot 
with the purpose of testing 5 belts in each test run from this lot.     However it 
was observed that all failures were of parts from the first lot.     Furthermore 
the results which have been obtained are quite erratic.    An insufficient num- 
ber of failures was observed and therefore no analysis was attempted with the 
available data.    The only possible conclusion that rr.ight be reached is that 
some infant mortality failures were observed and perhaps burn in tests of 
one type or another might be considered as a reliability screening device for 
this type of part.    A failure mode change did seem to be operating at the 
higher stress levels where failure occurred by stripped teeth rather tlu.n by 
belt breakage. 
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1

7.0 CONCLUSIONS

This sccti >n a sui-nmarv o; the conclusions of the rntirr study. The 
first part of the dit>cus..on will he devotod to general comments ard then the 
specific conclusions related to each part studied will be presented.

7. I GENERAL

As stated in the discussion on validation, the true measure of whether or 
not the accelerated test models developed in this study can relate the reliability 
of a part tested under severe stresses to that c’f tne same part hc.d it been 
operated at normal stresses will have to await additional verification. One or 
perhaps more than one of the models must mathematically represent the 
physical failure process occurring over the lif» span of the parts being oper
ated. Additional test results perfiirmed at both accelerated and normal 
conditions must be compared with those obtained in the present study.

A second general conclusion relating to accelerated reliability testing is 
that tests of this nature should be performed in the presence of combined 
stresses. The analyses performed on snap action switches, crystal can 
relays, and on O-rings all yielded interactions that resulted in test time re
ductions greater than if only a single stress had been used.

The cumulative failure distribution is a measure of the desirability of a 
given combination of stresses for use as an accelerated reliability test 
method. If the stresses result in a Weibull life distribution having parameters 
that result in a high probability of failure at a mean life that is shorter than 
that of parts tested at normal operating conditions, then a plot of the cumu
lative failure distribution will demonstrate this attribute.

Five mathematical models have been presented which could be representa
tions of the physical deterioration occurring during an accelerated test.
These are: (1) the special case where the Weibull shape parameter (p) for 
the accelerated test is the same as for the test at normal conditions, and 
the Weibull scale parameter (a) changes by some constant factor; (2) and 
(’) where the Weibull shape parameters (/3) of the accelerated and normal 
tests are in constant ratio to each other (4) where the change from accele
rated to normal conditions is reflected as a time transformation of hazard 
rates, and (5) the change from accelerated to normal conditions is reflected 
as the arithmetic difference betwevn the Weibull shape parameters (fi).

7. 2 SNAP ACTION SWITCHES

The specific conclusions found regarding the reliability characteristics of 
snap action switches are as follows.

1, Some stresses that affect the mean life of these parts are activation 
rate, contact load and contact overtravel. The interactions of contact 
loads and actuation rates and contact loads and overtravel also are 
significant affectors of life over the ranges included ip this study. Of 
the stresses mentioned, contact load exerts the greatest amount to





j. erpfctrd but furthrr ttudy will b« required t> determine whether or 
not th'v can >e u»ed as predic*or» o( the expected lite ol relay* 
operated >inder a pi\ei »it nl »tTe**e-.

Te*t Run Z1 (6 amp*. and 50 c yc le»/*ec.-)nd) and Te»t Run I'
(6 amp*. I and 10 cycle* per *econd» ire tno *et» of combined
environmental and operating stre*se* that epp«.red t.< offer the 
promi*e of favorable reciilts when u*ed a* an accelerated reliability 
te*t rr-ethod* for thi* type of relay.

The predominant failure .node wa* n aterial tranafer of the contact* 
or blade with failure eventually occumna when the contact gap wa* 
beyond the range of blade travel. At 8 amps contact load the failure 
mode changed to a predominance ol welding of the contact* and bl..de. 
There wa* al*o a good deal of failure due to melting of one oi tne two 
arm* of the bifurcated contacts tf they were not perfectly aligned.

7.4 O-RLNGS

The test* conducted onO-ring* for the purpose of developing an accelerited 
reliability test method have resulted in the following conclusions:

1. The mean life of 0*rings is significantly reduced by the application of 
temperatures from 200 to 275°F and by exposure to ultraviolet 
radiation. The net effect in reducing test time i* enhanced by the 
use of both temperature and cltraviolet in a combined environment* 
test. Temperature contribute* (he major share of the damage but 
ultraviolet does add a significant amount also.

2. The 0>rings tested appear to fit either the Weibull or the normal 
distribution. The Weibull shape {fi) and scale (a) parameters vary 
with the severity of the test conditions. The location parameter (y)

^ appears to be sero.

3. The major failure mode observed was radial cracking. There was 
some circumferential cracking usually in combination with radial 
cracking but it did not form a pattern that could be construed to be a 
change in failure mode as the severity uf stresses increased.

7. S TIMING BELTS
r

Not enough failures were observed to result in the specification of an 
* accelerated test method. It is possible that the major fact gained from the 

study of timing belts is that there did seem to be a few infant mortality 
failures which might suggest that burn in tests miglt screen these out.

------__________ _ '►'Vi .—



SKCTIONS.O   RECOMMENDATIONS 

8.1   GENEVA. 

I.      Thu rrpo-t ha» proposed a «.crUin accelerated teit methvxl (or the 
parts ander tent and certain mathematiual modelt which can be used 
♦ o relate normal and accelerated test condition«. 

TJ;»- «eloctirvn of accelerate^ test conditions naa amounted to specifying 
« unique point in three dimensional euchdean space after having »tadied 
a total of Zl point» in three »pace.     These 27 points were relatively 
vudcly sp«ced in this study and the optimum point (with r-^t.;-* to M>e 
27) was reasonably easily located.    It is recommended '.at in t irther 
study the region around the optimum point be evaluated for a ''!   c*l 
optimum."    Slight change» in the levels of the envronmental f .ctors 
may lead to better results than those obtained at the p.-est. . optimum. 
Thi» will be accompli»hed by an experimental de«i(rn similar to -he one 
<i»ed in this study with the difference that a fractional fat tonal may he 
used. i 

Another area requiring rather   site".?;v-,- study is the selection of one j 
model whuh reasonaKy rtpretvls the manner of proceeding from | 
accelerated test parameter, sa«  aA ani-  &A    to  normal  test parameters 
»ay a>] and /9N-    ^ '* svjggeMei tKat ir  future investigations, data be 
obtained which will check ti.e va'.id:-',   of the algorithm» of the model» 
(1,   2,   3,  4,   5) given and »elect t/ie model which be»t represent« the 
failure law» operating. 

? 
Finally the actual result« obtained from thin »tudy in the analysis of 
variance will be compartJ to the results obtained in future investigations 
to make sure that the observed results of this study ar« reproducible 
to some extent. 

2. There were definite indications in the present study on both switches 
and relays that approximately the same conclusions can be made 
whether these parts are tested to first miss or to «ems forn« of tutal 
failure.    One drawback to this might be that the analysis of failed parts 
would not show the degree of damage that longer tests provide.    It is 
felt from having inspected all of the failed parts that a satisfactory 
trend could be observed.    It is therefore recommended that future tests 
of this nature not be ccntinued until total i-.opcrability of the part 
occurs. 

3. Future studies on switches and relays should b« conducted on the same 
part used in this study,  using the same test method and the same stress 
levels which were defined as normal operating conditions in this study 
program.    This will result in an estimate of the variation between 
manufacturing lots of parts. 

4. Future studies should be directed to an examination of possibility of 
using a given accelerated reliability test method for parts produced 
by different manufacturers. 

97 

I 







fc-. ir^^ii 

mmt t *   it 
■f ♦ t •*•-»■*•-t-t-    w }♦ 

1 t H t l ' * > ' ' * !■     o —4- 

■4-t f-»-»4-* ■ t* »V-t-« +-H-4- ■ «-•♦ 

-*'' ' '' ■ t«- -*->■♦ »■■♦ t > i .-44<..; , , , , i 
-r-r»-»-* ♦«-♦*■ -*-♦ f+-f-»-f4» t •'• f »^ .-<-,- 

-♦ ♦ -* ♦-♦ f-»^.. + 

■«..i.l   i   )   fun,. ^.■4.        "    U,      if, 
rrtttr 1* o *" r 

T' ' ' ' rVJ ' * *"   * ' * • ' ■ 1 » 1 * ■ ■ « t 

• ir|nj j,   Ajiiiqrs- i.l 

100 



*i 

«««.«««.^    |  -l-f-t- *•«+-*♦* *  *. T ♦ *-+-* ,   |   •  ,  -t \ tsar  ,♦.-»!   *  t « *_+.  «. *  ,   i     .t        ,  ,  * «   ^ *   ,    ,   «. ^^^,^, 4, ^ .*. »_ 
• ♦-♦♦♦♦  , ^-* i -r-t 4 ■■» ■*-"-♦ ■*■♦  ;-. ■ , 4-4- f *  '   *-f ♦ I «"*  ♦ **  • '^ • I • • . +■♦-*-, ^".■■♦-♦■•-•■♦•^•■»♦^     -♦-*-* -»~+-f- 

■♦•♦♦•■•■♦■♦- *♦♦-.  4-» ■♦-♦-.*♦ -•♦"t—• ♦ ■»*•■■• , i ♦♦-.#■ A,\ . *-»  t *x. "• «—*-*  t "*"   ■♦♦-+*-♦ »—i   •♦j.»*      ^^ »-♦♦-. 

■•••"••■♦.♦»*■♦-♦ *-» f ■♦■*-^ ♦ A ♦ + ■*—f -•—♦ ♦♦-•4 ♦-♦■♦-»♦ *\*V' * t ■* * ♦ »^ ^-i-^-f-^-» ♦ »-»• ♦-»■■— -4 »--♦  *>.,♦.♦. 

• •♦   -♦♦)»•, ^ ^. r •»■ -f ♦ f t ■♦ 4 ♦♦■*♦'-•-••■ t •■ i- ■♦■■*■■♦-♦♦-• •■^•» I * ♦-■•--♦-♦■♦-•♦ 4H^   ♦♦■■?■♦ «■-•■-*--. -* ♦ •■♦-* *—♦■ *-* «■ . . H^ ^ ♦ ♦ f ■-■ ■ 

   ••♦ • » ,, ...i....v,   ,,| ^ ... ^.^^ 

■.,,■.-»■*».♦♦ 4  ••♦♦■♦-♦♦1+       ♦♦»♦-♦-,.*4*-»-,..-♦, ^-* «  ^., V*   »"t-t-te-t*   •-•  *■♦-*  ♦•   i   • -*~ **•  •   ♦-•■♦■♦— 

• •••• — •■ I. ^ •-.•--■ 1 •••«••-■ ■   • •_r^-• • • • •^^''N/JV -\ r.." 
r. .Trm "pT.».„rr. r TTTTTT—:rrTTT".^TXrr "^"" "   •-■*-—■ ——♦ 
■    «^•■•««•|'*«*t-<***f**-t<*'«'*--'*««'-*-***«4*t*t»*--*-*''**X<4 

c 

v 

■ 1 • ♦ t ♦ «■♦ 

t  

t*— 1 - - - - 

♦ ♦♦♦♦♦«♦-•it*»** 
♦♦♦♦•♦••♦♦I*«»* 
i* ♦ ♦-• ■• f ■*-*■* * ♦♦»♦- 

■ "••♦•♦♦   -■♦■♦•♦♦♦♦« 

•»'"I'M I- -•N' -«a 

101 



■4-»-4 ♦-»••♦-•- 

rtrrt{::'7|!{-ttttn 

< * t ■ ■ < ■ ■ < * * > ^ 11 > 1 f 1 * * t    1 M 1 M M ' 4 >♦»>''* <. 4.   :. U- XITT; .T.T4 

^♦■♦- » ♦ 4- * ♦ I-, 44 (.4-. + > i 

5^ 

^ 

- -t-t-t- r ' * > ■ 

t'-»"ffH~'-H-+-t 
4 f-r-t-M i t-»-f-»-t-«-t-> *+-4-4-.- (.-M*-* M-» f-r-f-44+ +■*•• ••»-f-* 

t  '  ■   ' t 

-■» I--.-» . »f+i 

♦ ■*.»► 4-^.+ 4_...4_L.+4.<tL+.  14 
■4-4-»-».-»-.-4-4_    ^j-f-^^^.j.^ .4. 

4--* • - 

t'»44>44*-*4 
4-» 4  ■• -4 *-*-* t + -»— I-4444-4-44» -4^..,-♦,4^44444..* i-i-i-i-t 
.   -   i   ,   f-f 4-44. 4-4  4  f  4  t + 4-4-4 4-4   •  *   4 ♦   4  .  ,   ^-, 4  ,  I  4. T   ,  ^44.^.^.« 

■ t44  «   4   *   )   (   4 

«I 
r 
C 

H 

UUIii4t 
»»4 41 < * 
4 44-4-+-4-4-4-4- 
+ "»-444-1 > 4-1- 
4 4   4- 4-4-4 4-4-4- 
4t44-4 4-444: 

^-4 44-44 4 -T 
4 r-f 4-4-4-4-4 4- 

4-4 44-4-4-4- 4-4- 
<    «    4    *   4-4-4—4- 

1-4   4.4-^-4 4 4-4 
f   4S»   4   4  4   .4  4-4 

„ . f   4   \4- 4-4-4- 4  4-4- 

4-4  4 44-4 4-44 4 4-4 
4-4 

-4-4-4-4 4.-4^ 

-4-4-44-4-4 
-4 44.4.44 4- 

• jnptj ;c Xjinqt^oicf 

102 



r-♦- ♦ ^   t   ♦   T " 

-r ♦ * -t-t 
-^-♦-»--^-►-^ *——- 

,_<---. IT i t j 1 1 i .— 
► -M'T'T ''t I |"t {'I i T ' 

-»-.  I    H- ;4v4-u - +-f-H-    ; t ■ i \ w- -"-r "^n ■t-H - -ft 
j-t-^TXlU-t^-^•44-M-■! M < <IA- ♦--f-H-■ ^rT"^ 
, ,-rr-t4-H-+--4f+4^-t-H t  -fi .     . ^   ! , | 
.   I   I   U   M   ■   ■       '>M   t   i   |   I   '   '       '   M   I       '   I   \* ■ 

—t-t-r 4->-ft *"•^ ■^, ■•-f--*~,-»-'--t-T-H-»-»--,-rt- 

. T. i i .     til»   ■.•.>. -^4^» »» »   -t-t-f -• •■—^-t-1 

■ -t-4 r+-f-t fT-f ^H -t--(-t->4-^* ■ ■ 
•-»•-^■-r . * »4   -*• 

»,.,-, . ,-. - * .-+44 + .-r-f-► ■> 44 f^f^-'-»" ♦ '  ♦>-< ♦ *vj + ■♦-»  - 
+ ..».,.-I-.,;.»+.(. ^4-» + 4 t • ♦ 4 4 T 4--t-.     ♦ . >■*< *"*-4 "*   ' 

_►.-►»+_,-. »4.♦+t4'«-44-  ♦ + +4 ♦■•♦-4 ■• »     i »-»-t- ;; >^■^, * ' * ' *♦ *> 
_+       ,.-... -i  . + T. 4,-4  ...-* .44 .--.  ^4 »».♦   -t*   -•      t-^^.  . • • •  V 

i  i   *  4 *  t  t' 

Uli 

4\-^^ i' t r- 
'- 4 \ *4-4 4-i-^ 
- —-t        '   '   '   M   .   I t 
■ •-^4 . V-* -t f T*   " •*" '*~f4  1  T      * 
-4-f* •'* *T r»" i <'f4-4-f-4-. 
-*-,-. .  K* i >■ •»-  4-4 -f -t~t-«-4 t 

• -» 4 •> I . ♦ . . 4 , -. t •  , 
<-.♦»♦• 4-» 4 -» 4 » 

4** ♦--*—t I ♦ + f ♦ ♦ ♦ t-4-i 

,t,.»»-,.|.t»4tt-t« 
.*♦♦-♦-* -t  • f *-^-f44-f*-»- 
,,»...,. « ., 4-44 ,4 4 
, 4   ♦  4-*   -  -,   4   T   •  4-4'-* -4 -4-*--» 
, „_♦ ^_^ 4 ■4 -4 4 • -4 -* 14 ♦ ♦ * 
,   , + ♦  4- - 4  *   4   ♦   4- T 4 -4   4 4 ^ -    -   -   .   -   '    -    .    • ■    -    ■ , 
,   .   ,  ,..»   ,^4f44f-4   4444444t44t4»4'-4-'-4-»4»44-«   4-    4-■■ 4  4   •   4  •  ■ 

.    ,.4.<4.   r»  4   4   44   • * 4   4   4-4-4   f   4   4    ,.»4-tt4    44   4-4  4-.   4  4 4" 
4,+4   44-444444444«-.-,-4-4444»4*-,444-^  

4-4 -»   4   ♦ 4-4 \      4- 

♦   ♦ 

t->-t-t4- 
~ -4-4-4-1 

I  M   '   I   '  ■   I   '   ■ 
••*-> 4 4-4-4, 4    .     .    . 4--J- 

4-4 4 4-4-4-4-4 ■. 
4+1-4-4-4-4-4-4 -44   f-4-r4-4   4-4.   4  »»-,+-. 

- -4-4—4    t   4-4 4 4—4  ■     4-4-4—•   4-4- 4   t 4 

4-4^:4 

* * t 
444- 

•   4- -t 4   4   4-4 -44- 

4 4-44444   4-4   444-444-^-1    ^4 444,--»   —^.^   —«-.--- - .---- ., 
,444,   44»-4   44444*44 44-44 T**'*'»    '■  4  4    t   4-. .,..,-4-4-4- 
»4444   44-   -   T   4-4-4-4-4-44-4-4- -4-t-4    4 — - 4  4   .    4  -- »^fc^.   4-4    4- ,-—.-,,- 4  4- 
t  4-44   4   4  4-,44-44   •   •   -44   4        t   4   .    ,   •   1   ,-,   .   4   ,   ,    ry.~>-«.   -   4 ,-  ,   ,-,   4  4   .   4-4 
-1^4  4 4-4.-4 }♦ 4 4.4-44-4 ■   444,-.-* 4+- 4 4  -V*--^^} 4   —   t -♦ • 4 4' 
4..-4-.,,4.---4»4--4-4-.4--44-4,4..4.\    »^   -    >>,    -     .    4    .   4   -   -4   - 4    •     .     ,.\>>V     K     - 

4-4   4^1    -    ^-4     •    V^    4-4    -   4   4    -■ 
--,-Kt--4--S_-H*44   4   4 

b 
■O 
c 
n 
m 
■3 
3 

X 
H 

..  ,  ,  , 4,,4-44-4-4444444       ,--..,..,,  4   .  4  4-4   4   4 4  ---'••  *  4  4,  -   - -  -    ->,  .   4   ^^  —«  •   •  -  44 
.   ,    .   '     ■    ■ ■    ■    1   -.   4 ■  .   4~- 4-4-.—<- ••'   4   •■•'''   ' «-4-4---H-V-   '    '    ' 
-„t.,.,4.44..44.4-4-4,,,4,.4.4..    ..,.44-4-4-4    4-44-4,-4..».    -    4 4^-     ,«»....     V-V^.    -^. 
-....-4.,,4...444..-4----t44.-44,    4-4 — 4-4    4    4    i   4-,    .   .   , 4  -f - 4 4-4--    -   4   -    4  4-    -  W     •     •    -     ^ V    4 
..,,..-.-.-.  .4   ..   .-4.4,   .,4   4-   4,    -,4  444   4   .-» r 4--4-f-f 4 4 4  4 , 4   -   -   -   f 4   •   .   . 4-4-K-4 - 4    , ^ . .-4 -VV, , 
-T..:.--- .-r.   .   +   --.4 j4--..4.4::::4^-4-4--.-4-4-4  44-.^y4   4-.4-4|-r-n-::fVV _<.,-<.....,   44  ,44   ,4-.   4   4   •   -   -   4   -   f   ••   •   4   44   4-,-. 4----J-lt   4-4   4-4 — 4 4   —4   .   -   -.-.-,   4   -   4    "V-   * ^ 
^,.   ,,-,...   4.   .    ,4.,-,-  4,   ••>4   4-4-   4   4-4-4   4   .   4^41   r4-   t  4-1   44-44   44   ♦,   . —. 4-.  4   4-,    , -   ». 4  •    4   W 

£ 4-^~ 4^ ^-4 zAzj^zzzl - nirtrt ttmnii: tl nr4 —rl —T -T rr Hi 
••«nu«j ;u Am^v<4Mj^ 

103 



^s: 
- -» » ->-->■• »-»-»-f-» ♦•♦ 4 4 t4 t ♦ f r~ t-T «-»-»~» «-♦•♦♦»••-•»'I»''»»-«»-»   -v.... »;».M . J 

4 « ■*- f T-r-t 4 »"t ♦ T    ^T"* ♦ 4 ♦♦♦"♦*♦♦♦♦ f t ^ 4 t ••♦ t ♦   ■•♦♦♦ 
'      ' '      '      "   '   -*-4 i -f     4*t-*'''»-t,jt-t»»*'*«+     ♦ f-^i 

4"4"^ ■* t|*««#»»»t*»*f**»»»»*     f»tft»»». 
-f-4-4-*-* t ♦- ♦—»- ♦•-♦♦■►-♦4-r ♦♦♦♦♦♦♦♦♦♦♦♦ .  •  ••• 

1 ■ ■ ' ■      . ■ . i .    .•:... i. ■ l l 

r,.t;r:m4t'n"n'+^rr't" 
»-» t-»-* ■♦■■♦■ »^»-tfr** 

»~»-»-♦ 4-» ■» 4 -»-t t-4 «-t- » • ♦-♦ t-4 
•—>» 

•o c 

»jr;i»j ;c> Ajijtqwqo.rj 

104 



 —   ■  ■ i t i  I | H     M I I  M ) I  i     I '  !  I     M  ' ' 
-*«-♦•- +♦----^-t"*-*-f «-»-t-f -r*-Milt- -f-^-' M    ! ' * 
t->->-r-—t-- : • *M Mi' [rrrrrhT-*- 11 M i' tt i 

-, . ♦—-t— • •'-i —*-ht-+-t-t-t-* l   ' -I4-H4-H—r-t-t l i ' ' M 

* -• • » -»-♦ 

-. -. + *-►♦-•-»-►- -4-4-4-t » »-1 t  * - t' t < T'I fT~T"r 
4-r . .».^^ .-^^4-r. . .44->- |>-4. { j U |4-t- 

*—^ * ' 1 * '  I 
4 4-4-f+-t-|"' 

*-4--»-t"*—14-*-4 ■ 4* t t t * *-^-*-T     * * t  '****■* 
.   I   i   !   .  .  « 4-.-    .   1  1  M   I   I   I   '       ;   I   I   i   I   M   I   1 

t^i 1 M 11! ±tth±i± 

rfFtrftTrJrrTttg 
--It I 1 j 14-1- 44 t t ■ ) ■ i t 
f 4-H-4 T-4^ t- ' t • t ' f-4-4-4- 
i-4-»4-r4 ♦-4-4- -+-r4 t-t—4-4-4- 

•fr 
4-1- 

+-H-r 

SS 

•±ltt±t±! ? t-H-4—'■++-•- 4- r 
t ■ ■ ■ ' t • ' 
4-4-| t i i t t • 

>   • 

•5« 

'        I'll!* 

■ 

u 
>^ 
U 

■o 
c 
■0 • 
3 
0 
X 
H 

■»—*■ -t- ♦-+ ' 
4 ^4-;-*- 

■t-^—»-> .ft  *      ■» .^  ^  «  ♦  »  *  .   i  « .*■■>■ ».^ «■.» .t--*' 

♦ 4 » t ♦ ♦ ♦■-♦ • ■    *■-♦ •-♦ -. ■*-■■•  ♦-♦■■ i t ♦ ♦ • 

■■♦ ♦-+ 4-*-T   !■• ♦-♦-- ~+-i--±~f-l>-*-t~+~*~- 

-M- 

^p -,—* ■ . M 
t I • t t ' t 

H * ) ■  1  I 
4-4-M-4 • - 

-*r 

♦ • ♦ 

•-•r *   ♦   •  ♦ •--♦- ■» 4 -'■^ * -f-*-*--f-r4    - 

»-f-t4-»t-t-4-f- 
^ 4 -*"♦ -*■ ♦-+-    ♦- ♦~4-r -» -♦ -»-^ -4-    -t- M   f   '   '   '   *   t 

■ 1 

• V •» • • »• • 

:::tK >i 

r- 

}: ■NK, 

ttt !1!!Tt  ' 

-♦-+--♦—4-f-+♦-T -•- ■■+*-* 4-»   t    f ■*   4 
■f-f-f ■♦--*-♦ t-4 ♦ f-*^ -t +-44-44- 

■4 '4 t ' * 4-«-< ■  t ^  t  t   ■■ t t t 

4  ♦..**♦ >^.^^_    ^~|—' 

•-nl'»J J0 ■M'lic)»^' M 

10S 



'•v?r ~*& 

.-».•♦«-♦r-f + l-.f^t ?•■*•♦■   ►--»♦♦, ♦».**...     ,,     .»ttt^t**» ^^ i *■ t t » «■-» • *•"»♦•« - * V • »♦♦■ 

•   ♦.♦-♦♦-♦•♦^t**     ■••-••• ♦■■^>   i  ♦   f   ♦-»   -    I   ♦■♦-♦.    t   t   ♦»♦    f    T   t   f   »   t    ♦»   t   *»♦♦*♦•••♦* 1   ^^  •    •    •    *    ■ »^ i( 
.   .   .   .♦ ^ .♦♦♦ i  T t -f  ♦♦♦■♦♦  •      -»-■♦■« I ♦ -»-f ♦ .  4  .  - -^.-^  •^♦♦,A*4*t,   ,♦♦-♦«,,, +  ,   t,t,t       .  * ^^  •   ■•   «*t1 

*■■».. • • - - t ' ■ - • * ■ • ■ • - * ' 1 • * ' - * ^ ■ ^ • * ' • - - - - - I • - • - - - ■ —'    ------ i    i    .    - ^_1JJ J 
2 "■ "* « »s ^ 

• injiv^ ;o Aii[iqv<)ojj 

10h 



. rmt4K**t»fXSS'* *m 

l:;:;;;it 
•t • -• 

C 
it 

c 

\ t v. 

. ... I ...-....,. I, » f^ . v . . , . . . 

...-(......... | ,.,..-.,,.„..%.. r . 

. -.. I ... i.,,. \...V.N.,, 

TTTTHT^^r^' 
,:::.-.:::J:::::::::|:::::::::I;\;::::-K 
f:::::::;;j::::::r::;:::::::::|::\:::*- 

t 

* "■; ■••■■•■"! ^::::: 

i:::::::;;;;; 
      ■ ♦ * . 

**---t''-*-''-'-t---j--'-       -1ii--ti«i'^ V*a 

ojr.^«^ jo  AHi»s»m^ij 

107 



r^r, ij..;4im 

n n-": r:-"—'-—■^—- -f- ^ -^-H-
1
-! -H-^-^-I-^^ 

-f- 

t-4-i 
■4 14- 

.^..^..^.^-^ ail i4-i44Ji  M   ;. ~>. 
-i-*-r-r-4->-> + ■>-- -I-4-H—'—+4- f-4444 -U- 

-f-4 ■♦-»-.-*-, 

. .k. 4*4, 

 lii.. 
-»^■f—(• • • - » 

:4-: 
* 
•4-i- 

tttflt 
■—*-• * ' '-i i ' l ' ' ' i ' ) 

4-<-(-»-•-■*-. 44-4-H-t <-f-t--.4 

^ Q 

>-t 4 • 4 f-T.  -K4-*-^-*-..-.^_t^^-^_ -^4-.^. V i-«.  -^^^.-^.»Jtr—, ■'     i-|t4-t4-f44-«-4 

♦- , 4 *-. . ♦-.  4' .44 i-f 4- .   .       , 
l».^-+.4 », ,_,_,     4 f.i-.-,4--^'-t   444-t4_*4_4.i-i4- J 

Tl   t t-^->-*-*^4.  ■■ -4.| T ...e-t 4-4..->-t-t f ..,, |4,4..-L     ^      • 

-«——-. «-t.. .     •. + *--,-. , » ,     » ^ V4-4-t4-4 . ■ 4- 

"T'^TT " r*" ^-.^-.-f-f^ ^4-^^- ^4 ^4 4i44-^L>-.^1-    -   5 

'4+H- 
t^z 

4- c s 
4" «: ■ 
4- 3 t. 
4- 43 .- 
-t- — u. 

S 

U.    IT 

' t • T • • r* 

:::::::::U::::\ 

rtrrl^ -Ht--- .r;r.t.-,4-: tif,-.^^iT 

4-» ■»><>■»;■  •■■»••—►— ,—..4.^-,—^-i- 

1 

t t >- •-■•--t-4 •♦ -» 
■»4-t-»-f |-4-|-4- 
♦ »--*   +-+   i   f-f   , 
♦ * *-> t-f-t-* 4 
f-4-f-. -t «•44-»- 
< 4 4- .-i «--f -, , 

1   O  H 

--- 4'-— 4-*— UN-'-i——'.-.-. 
• *\-\——-{ 1 1  

1 ^.. ....,4:4::. ;\.:i:;::.;:::::i;:::;:::::;:;;:, 

U 

••■•   -■••   ••-*«-t»»«.#».^.+ 

:V:;t,:::: 

■c 
c 

c 

,.....,.,.,         •\*.-..,t.».,,.,,.j.,...,,.,) 
..»»..».,. 4.....,,.. f \,,,,, v.. ., 1 1  1 
::;:::::  .\- ^ • v.. | { ,,., J 

■ - ♦ 

:\: 

i 
-... i. 
- • • • t • .,  . t. 

• • • • • t . ■ •.. V • » • t •<» ,.].,,  
^^i,yt^^j. 1^   * ■ \ *  
 » V... v ... j,.!,.'.;;; 
. • • • • t (.,>,. .. ^, j  

 1 •••■■,•..• ^ t  
    ,   ,   .   v,   .   .   ,   .v,   .   , , 
 •  ^, ... r^     

■ ' \> • • t N 1 

 : t • ,. k,.»,... w . 

. . . v   N . . 

•  •  • r-»   -^    S •    > 

•: • • *. • t • • • t 1.,  T-, v_,, 
A •'' —' ■—■—i •'•*•■—-■ •>.... ■ ■ -   ■       ,        : • " J; 

• Jti;irj ji   >»i; K^S'Ji.i 

!0B 



APPENDIX II.    CUMULATIVE FAILURE 
DISTRIBUTIONS (RELAYS) 

L.tMbun":;;"'5 l^ <Fl«u— "-'  ^-^ U'n .re the cum« L.tMbu...,,. for Te., Ron.  ,  thruUkh J7 )or crysUl can ^^ lative failure 

iOi 

rrrrw 



J*L* . —iU 

#■..«.*».,. A. ,,  W.  .♦.,♦_ 
* -.-♦.., .\- ...  ,. -,.. 
4 *•••»< V ••■ i •. ■ 

* - —--. I — - ,  ,,:::.. TL :::::: r! v:x:::::: 

2 ^ *. "» • 
• jn||«j ;o A^tpqvquj^ 

110 



itttfe. tsmaxmmiMS^B^i'' 

♦ • 
!'::: :\: ;H^i::::;:": f::::::::::: I:::;:::::}:^——: 

h™ 
i::";;::;:!::. ;::A^i:: it 
1 ■ ; \i • • v ■'^! ,■.::::;.:4;;::::;::;::::;;;t^ 

3 
C 

£ 

;\: 
. ^. <.., 4...., t... 

.;V;;::VK::.{::: 
• ■ ♦ 
-  • 4 

■ \ -       .  .   -^ »  .  V         ,,„. 

■ \   ..(..,\. .,.,!,,,..,... ,4.,.,,,,^. 

•• V-  •,•••• \  ••••  f V.  .   •   ♦ ..., 
■ •   ■«! y   ...   I   .,,...   K.   .  

' ■   '     > \-   '   <  

:::-:X:;:::..■;::::::::.■:.:::::::: 
 "x ' v  
• ■ • -v      V • • . .     \  

* «-• * * ^pf 

.,:;; ^ 
N 

. v^. 
■:\:: 

'**X. -I^J, 
• J'li'j ;« AJIIIS»,I .it, 

Ml 



^ 

r ■ ' ■' ■»'' ■ T   T 

i ' I t ■ I i 

•- - ^^^ -»--. i- • -t •—» «-••---•i»»--*- + ■♦-■♦ *■♦-■•—   *-+■ * 4 t-+-* • • i ♦ -    Ä t'-i- 

r~ •' ' "' ' T ' 1 • • ' '—' ■ ' ■ !—^~-'—' ■ ■ I' ■ • ' i '    -^ Ä  -*— 

mTnrmrr n 
*.i ♦,., rur::b c   ■ 

c   * 

L 

:l:::;:: 
:1::::: 

-I- 

wm 
:ll\-::l 

\\'\: 
:r 

T  ' • * 

•■-. 

• •'   II » ^    J,      A». 

11: 



T T ' '  ' 

 i M S.7; i     n-^"r<T~>~i~^ 

„—,—r^)—r__^ 
. , „ , . ■ft,... . _... . . »^ .    t .^, r t ^»_ 

^- it---" 
+ ^   *-..+ .    I-.,   -U.,  .-♦ ♦ 
«   »—• ■♦•■     «-♦»W»-*«* 

- «-• ♦ • 4\ *- 

4 • 

•:\ 

■    ,   .   I T >   I    -.   ^   r   I    I   I    i   I    I   I   ■ - 

X^ 

- -.^- i'4.t 

üillü 
 * 
 J 
■ ♦ 

«i • ;.• • • : v.:; 

. v. , • 
* V!' 1    ■     *s  t     • 

:::; T 

i ■ 

\: 

»i i ^+ »t ^|—»-,—-,■■• f -•. 

i i i  i  i  i  ) ll  I  ' i ' 

, <-T4 i-* •• 1 '- 4-i . ■ ■ . —f-^ 
■   4-   >    I    I     I     I     I     I    —»- 

41 

C   • 

2   f* 

u. 

U. c 
4.   "" 
>    " 

—    C 

'=! 
c   • 
r  i 

2 

V- 

u 

• IN' 

.ji'H ir 4  (>    Ai    ..j»1',   -  ! 

Hi 



ÄHpMMtSsSägH 
»•«"riM J^ Ajit-qeqnjj 

U4 



• jnitFj ;o Ajiiiqpqojj 

115 



»jniiej ;o Xjiiiqeqoj^ 

116 



UHU.* 
-4   i *  .   i   . 

.;-4 l-GUtf-txr^t 

T;M: 

. .4 

ft' f'■' 
• ♦ r-'-T t-t + f 

-i-U . 

::::i:-::|rr:T::-::: |::!n::-:- 

.'■fHff-ftmr,.,..^ 
f t- -t . . t . -f-   . i i 

*'+— 

"i 111 IIP". *t "f'' *■ ^'X 'n i ' ■ • -* t 

;rpi„:nni^.:ri:.rtu:X>:-:j:.;| 

.!t:::i:;)::-!;^s;i:;: 

117 



a-initi-j ;o A;inqpqojd 

118 



APPENDIX  III 

FAILURE ANALYSIS OF RELAYS 

This appendix is a detailed description of the failure analysis performed on 
the relays tested during this study program. 

A.     Failure Modes 

1. Material transfer between the normally open contact and the blade, 
increased the contact gap beyond the limits of blade travel. 

2. Material erosion from the normally open contacts or from the blade, 
increased the contact gap beyond the limits of blade travel. 

3. Normally open contacts welded to the blade. 

4. Normally open contact melted forming into a droplet or ball,   reducing 
the contact gap. 

5. Blade bee me distorted so that the normally open contact makes before 
the normally closed contact breaks. 

3.    Detailed Description of Failures of Each Relay 

Test Run »1: 3 amps.   250C,   1 cycle/second 

Relay #35; Failure Mode:  1 
Bottom arm of bifurcated contact has burned through blade.    Material 
transferred to NO contact. 

Relay #36; Failure Mode:  1 i 

Test Run #2: 3 amps,   100oC,   1 cycle/second 

Relay #50; Failure Mode:    2 
Moderate blade erosion,   «light contamination on header,  post« and NO 
contacts. 

Relay #51; Failure Mode:    2 
Moderate blade erosion; one arm of contact finally wore through the 
blade; very '"ttle contamination. 
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> Top arm of bifurcated contact burned through blade; heavy material 
transfer to NO contact. 

Relay #87,   88; Failure Mod«:  1 
Heavy material transfer to NO contacts increa«ing gap beyond range of 
blade travel. 

Relay #89; Failure Mode:    1,  4 
Lower arm of bifurcated contact burned through blade,  then melted 
back to nub; upper arm burned through blade with heavy material 
transfer to NO contact. 



Relay (H41.   142,   143; Failure Mode:    2 
Moderate blade erosion; some material transfer to NO contact; slight 
contamination on header. 

Test Run #3; 3 amps.   l^C,   1  cycle/ser.ond 

Relay #39,   40,   96,   97p   98; Failure Mode:    1 
Slight material transfer to blade; h^les worn in NO contacts; powdery 
white deposit on entire header si--face; brownish powder deposited on 
header,   post. 

Test Run #4:  6 amps,   250C,   \  cycle/second 

Relay #1; Failure Mode:    1,   3 
Heavy material transfer to NO contact; finally welded and then oroke 
off; black deposit on header,   posts. 

Relay #4; Failure Mode:    1,4 
Moderate material transfer to NO contact (upper arm of bifurcated 
contact); lower arm of contact melted back into a ball,   reducing contact 
gap- 

Relay #90; Failure Mode:    1 
Heavy material transfer to NO contact. 

Relay #91; Failure Mode:    1,   4 
Ends of NO contact melted back into ball,   decreasing gap;  small amount 
of material transfer. 

Relay #92; Failure Mode:    1 
Moderate material iransfer to NO contact; heavy contamination on 
header and frame. 

Test Run #5:  fe amps,   100oC,   1  cycle/second 

Relay #5; Failure Mode:    1,3 
Heavy material transfer to NO contact and finally welded; contamination 
resembles vaporized metal (brownish color). 

Relay #6; Failure Mode:    1 
End of NO contact melted; slight transfer of material to blade; slight 
contamination. 

Relay #144,   157; Failure Mode:    1 
Heavy material transfer to NO contact; holes in blades. 

Relay #145; Failure Mode:    1 
Slight material transfer to NO contact;  slight contamination (bUck). 

Relay #146; Failure Mode:    1 
Moderate material transfer to NO contact; heavy metallic contamina- 
tion on header; holes in blade. 

120 



Test Run 6:  6 amps,   150oC.   I  cycle/second 

Relay #118.   119,   121; Failure Mode:    1 
Heavy material transfer to blade;  metallic deposit on header; heavy 
contamination on header,   posts (brown powder). 

Relay e\ZO, Toilure Mode:    1,   4 
Heavy material transfer to NO contact, one arm of contact meUcd bic.k 
to form bali, holes worn in blade; heavy contamination (metallic) on 
^11 header surfaces. 

Relay 0122; Failure Mode:    1 
Heavy metal transfer between blade and NO contact; heavy contamina- 
tion on header. 

Test Run 41:  8 amps,   2S0C,   1  cycle/lecond 

Relay #22. Failure Mode:    3,   4 
NO contact melted 'nto large droplet which welded to blade; could ' ave 
been caused by bad solder joint on contact post. 

Relay #32,   81,   83,  Failure Mode:     1 
Holes in blade: heavy material transfer to NO contact- heavy contamina- 
tion on header,   posts. 

Relay #82; Failure Mode:    1,   4 
Holes in blade; heavy material transfer to one arm of contact; other 
arm melted into ball. 

Relay #23,   25; Failure Mode:    4 
Contacts melted forming droplet or ball,   reducing gap. 

Relay #24,   29.   30,   3!,  33; Failure Mode:    3,   i 
One contact arm melted and formed ball,   ot::ei welded to blade. 

Relay #28; Failure Mode:    4 
One arm melted forming ball,   reduciug gap. 

Relay #34; Failure Mode:    1,   4 
One contact arm melted into ball,   other burned hole in blade. 

Test Run 8: 8 amps.   100oC,   1 cycle/second 

Relay #54.   55; Failure Mode:    4 j 
One arm of bifurcated NO contact melted into ball,   reducing gap. 

Rela,   #147,   148; Failure Mode:    1 
Heavy material transfer to NO contact; holes in blade. 

Relay #149; Failure Mode:    1 
Heavy material transfer to NO contact; holes in blade; same as #147 
and 148 but more severe. 
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Relay #1 58; Failure Mode:    1 
Moderate transfer »o NO contact; contamination moderate. 

Test Run 9:   8 amps,   I50oC,   1  cycle/second 

Relay #41;  Failure Mod..;    1,   3 
Hole eroded in blade, moderate material trarisfer to NO contact; blade 
And contacts welded. 

Relay #42; Failure Mode:    3,   4 
Initial failure; one arm of bifurcated contacts melted into a ball and 
welded to blade. 

Relay #45; Failure Mode:    1,   4 
One arm of bifurcated contact melted into ball; other arm received 
moderate material transfer from blad'i (hole in blade); light contamina- 
tion on header. 

Relays 107,   108,   109; Failure Mod.-:    2 
Erosion from NO contact to blade,   slight contamination on header. 

Test Run 10:    3 amps,   250C,   10 cycles/second 

Relay #46; Failure Mode:    1 
Moderate erosion and t-iight material buildup on blade; heavy contam- 
ination on header (black). 

Relay #47,   115,   117; Failure Modt:  1 
Heavy material transfer to bU.de; ends of NO contacts melted and 
transferred; moderate contamination (black). 

Relay #116; Failure Mode:    2 
Erosion from NO contact to blade;  slight contamination on header. 

Te»tRun#ll:    3 ampa,   100oC,   10 cyclas/second 

Relay #52.   126,   !27; Failure Mode:    1 
Ends of contacts melting t\nd transferring to blade; heavy contamination. 

Relay #53; Failure Mode:    2 
Contacts eroded very thin,   but only slight buildup on blade; slight 
contajnination on header. 

Relay #128; Failure Mode:    1,   3 
Ends of contacts melting and moderate material transfer to blade; 
lightly welded; weld broke during inspection. 

Test Run #12:    3 amps,   ISQQC,   10 cycles/second 

Relay« #58.   59,     32.   134; Failure Mode:    2 
Slight erosion oi blade toward contact; very slight damage however. 

Relay #133; Failure Mode.    1 
Moderate material transfer to blade*; ends of contacts not melting off 
though--buildup la in center of blide and is smooth in contour with 
cor responding depressions in contacts. 
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Test Run »13.    b amps.   ?.50C.   1 0 cy-.le/«»econd 

Relays #110,   111; Failure iModc:    1 
Heavy mAlena' transfer to olade; heavy black contamination on headtr, 
JX)!.tS. 

Relay 112; Failure Mode,    i 
Erosion m direction cf blad*. 

Relay 113.   114: Failure Mcde-    1 
Material transferring to blade but Irom only one aim of bifurcated 
contact;  contimination black a^d sooty. 

Test Ri-n »14:    fe amps,   100JC,   10 cycles/secor.d 

Relays #150,   151,   152.   I 53;  Failure Mode:    1 
Contacts worn through; heavy material transfer t" bladr; dark gi^y 
contamination. 

ReUy #1 54; Failure Mode:    1 
iomelliing violent appeax i to be going on.     Both edges of the blade 
have burned off wi'.h lots of metal splashing around.     Metal transferring 
in d.rertior of ccnttcts 

Test Rur. ^'.5:    6 anps. ^C.   10 cycles/second 

Relays (1/1 35,   136.   1-   , Failure Mode:    2 
Slight erosion; appears to be toward blade,  but hard to be sure. 

ReUylSS,   1 56; Failure Mode:    1 
Considerable erosion to blade;  some mai^rial transfer; holes worn into 
contacts. 

Test Run #16:    Samps,   250C,   10 cycles/aecond 

Relays §42.   104; Failure Mode:    1 
Heavy material transfer to blade; heavy contamination (black and 
sooty). 

Relays »44.   106; Failure Mode:    3.   5 
Contacts welded to blade (both arms of contact); contacts way out of 
alignment; metal discolored and annealed; dir'ortion possibly due to 
heating,   stress relief. 

Relay #105; Failure Mode:    3 
Both arms of contact welded tightly to blade. 

Test Run #17:    8 amps,   100oC,   10 cycles/second 

Relay #56.   5V; Failure Mode:    3,   4 
One arm of contact welded tight; other arm melted into bal>- 

Relay #129,   130; Failure Mode:    1 
Heavy material tranbfer to blade; lots of splatter. 
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R- lay «I '■ 1;  Failure Mode:    1.   3 
End-    •: contacts metled and built up heavily un blade; welded. 

Tt-bt Rur. f_i_£:    Samp!,,   1S00C,   10 cycles per  second 

Relay #7; Failure Mode:    1 
Heavy material transfer to blade; contamination golden brown metallic 
color; header base completely coated with white powder. 

Relay i»8.   1 38; Failure Mutie:    1 
Ends ol contacts melting back with moderate material transfer to 
blade;  header posts coaled golden brown metallic color. 

Relay  f|iI39;   Failure Mode:    1 ,   3.   4 
One arm of biturcatcd contact welded tight; appears to have begun melt- 
ing into a ball prior to welding, other arm has slight wear and metal 
transfer to blade. 

Relay   »140.  Failure Mode:    1 
Both arms of contact  show  some  erosion;  one arm of contact however 
shows heavy material transfer to blade. 

Test Rur. ¥19:     3 amps,   ^SÜC,   30 c yc le s / second 

Relays if il.   38.   93.   95;  Failure Mode:    1 
Heavy material transfer to blade as tips of NO contacts melted back; 
light contamination on header. 

Relay ^4;  Failure Mode:    1 
Heavy material transfer to blade however buildup was on only one arm 
of bifurcated contact. 

Test Run *Z0:     i anins.   lU0oC.   30 eve le s/second 
■ ii           m 

Relays #48,   49,   \Zi.   124,   125;  Failure Mode:    2 
Material erosion in direction of blade; very little splatter or 
contamination. 

Test Run »21:    3 amps,   150oC.   30 c .cles/second 

Relays »26.   27,   84,   35,   86; Failure Mode:    2 
Material erosion in direction of blade; almost no contamination on 
header. 

Test K .in »22:    6 amps,   u 50C ,   30 cycle s/ se c c nd 

Relay» *99,   1U0,   101,   102,    10 i.  «• allure Mode:    2 
Material eroti.m in direction o; blade; no appreciable material trans- 
fer;  slight contamination on header. 

Tett Ran »23:    6 amps.   irü0C.   30 cycles/sec 

Belay» 20.   21,   76,   77.   78. Failure  Mode:    1 
Heavy inalerial iransler to blade, contact burned off;  s'ligh. contamina- 
tion on header. 
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I^l^ILl^l^^..   150OC.   BO^cles^econd 

«'■lay #!3,  Failare Mode:    2    j 

c^rn^o" ontade"""^ NO ^^ "^ <° ^de; heavy 

confab br1:^ ^ annealed; NO COnt-t ^P-rs to make before NO 

Relays M73,   74.   75; Failure Mode:    1 

heeaadVeyrmaterlal '^^^ t0 b^- "^rate to heavy contaminatlon on 

Relay #16,   70; Failure Mode:    3 
One arn, of büurcated contacts welded to blade. 

Helay 417,   72;  Failure Mode'    ! 

Relay #71;  Failure Mode:    3 
Both arms of NO contacts welded tightly to blade. 

Tos1JWJ>:    3ampS|   25oc>   30cvrles/<tp,.^ 

Note:     The  relavs in T<»«t  R,,^  JC 

supply.    Since the re Ll      were vls^ dm8^ ^ a dlfferent P^er 
returned to its ongmal torm y dlfferent'   th^ test method was 

RelNoVä;  16,   67'   68'   69; Failure Mode:    3 NO contacts and blades welded. 

IliL^n »26:    8 amps.   100^.   30 c^cles^second 

""'End "f'vn'   64'  65'  66; Failu« Mode:    1 
to --^^^-^---«-y with heavy material transfer 

Test Run »27:    8 amp^    150or     ^0 <-     i      /  ■ .     "'p^.   up  u.   30 cycles/second 

Relay »0; Failure Mode:    5 

Xo':^:^' d'"<>t,Cd "d '""""*■ NO conuc. m.ke. „(or. 

Relays   10.   61;  Fj.lur^ Mode.    , 
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Relay 11; Failure Mode:    1 
Ero iion in direction of blade. 

Relays 62,   63; Failure Mode:    1.   3 
NO contact welded to blade; one arm of bifurcated NO contact burned on 
end with heavy material transfer to blade. 
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APPENDIX   IV 

FAILURE ANALYSIS OF O-RINGS 

Thi. appendix is a detailed description of the failure analysio performed 
on the O-rings tested during this study program. anaIy10 Performed 

A.    FAILURE MODES 

1. Radial crack or fracture 

2. Circumferential crack 

3. No visible defect 

3.    DETAILED DESCRIPTION OF FAILURES OF EACH O-RING 

Test Run No.   1;   ZQQ'F,   Vo Ultraviolet 

O-Ring No.  2-1; Failure Mode:    1 

Fractured. 

O-Ring No.  2-2; Failure Mode:    1 

Several hairline cracks running radially across outer surface. 

O-Ring No.  2-3; Failure Mode:    1,   2 

One large radial crack,  2 circumferential cracks 

O-Ring No.  2-4; Failure Mode:    1 

One large radial crack, numerous smaller hairline radial crack. 
across outer edges of ring. cracks 

O-Ring No.  2-5; Failure Mode:    1,  2 

^/r0^"0 Pr,0bably at 'Plic*'    Th6 entir« •urfa" i- made up 
riZlT ""^ WhiCh P9'i"*iC*ly "— ** -Id j^tur. 

O-Ring No. 2-6; Failure Mode:   1 

Numerous deep radial cracks across mold juncture. 
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O-Rlng No.  2-7; Failure Mode:    1 

Fractured twice.    Surface hard and smooth; no cracking. 

O-Ring No.  2-8; Failure Mode 1,   2 

Deep radial crack across mold juncture; connect» to small series 
of lesser cracks. 

O-Ring No.  2-9; Failure Mode: 1,  2 

Broke in 2 places; very small hairline crack on circumference. 

O-Ring No.  2-10; Failure Mode:    1 

Radial fracture; 2 other deep radial cracks across mold juncture. 

Test Run No.  2:   200*F,   0.1 Watts/Ft2 Ultraviolet 

O-Ring No.   1-51; Failure Mode:    1 

Radial fracture; several other deep radial cracks. 

O-Ring No.   1-52; Failure Mode:    1 

Six very deep radial cracks; nearly through ring cross-section. 
One crack from inside diameter,   rest from OD. 

O-Ring No.   1-53; Failvre Mode:   1 

Five or six very deep radial cracks across OD. 

O-Ring No.   1-54; Failure Mode:   1 

Three very deep radial crack» across OD. 

O-Ring No.   1-55; Failure Mode:   1 

Fractured radially; 2 other very deep radial cracks in OD. 

O-Ring No,   1-56; Failure Mode:   1,  2 

One deep radial crack aero»» OD.    Al»o a series of circumferential 
crack» at mold juncture which periodically cro»» it radially. 

O-Ring No.   1-57,   1-58; Failure Mode:   1 

Radial fracture. 
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O-Ring No.   1-59; Failure Mode:    1,  2 

Whole series of closely spaced radial cracks in OD.    One large one in 
ID.     A few circumferential cracks connecting the radials, 

O-Ring No.   1-60; Failure Mode;    1 

Radial fracture.    One other deep radial crack. 

Test Run No.   3:    200'F,   0.2 Watts/Ft2 Ultraviolet 

O-Ring No.   1-41; Failure Mode:    1,   2 

Radial fracture.    Also »mall circumferential crack. 

O-Ring No.   1-42; Failure Mode:    1 

Seven or eight deep radial cracks on OD.    Two or three deep radial 
cracks in ID. 

O-Ring No.   1-43,   1-46; FaUure Mode:    1 

Fractured radially; one other deep radial crack on OD. 

O-Ring No.   1-44,   1-45,   1-49.   1-50; FaUure Mode:    1 

Radial fracture. 

O-Ring No.   1-47; Failure Mode:   1 

Very deep radial cracks (many) on both ID and OD.    Specimen 
fractured during inspection. 

O-Ring No.   1-48; Failure Mode:   1 

Three t'.eep radial cracks on OD, one on ID. 

Test Run No.  4:   250*F,   No Ultraviolet 

O-Ring No.  2-61; Failure Mode:   1 

Very deep radial cracks on OD. 

O-Ring No.  2-62,  2-66; Failure Mode:   1 

One deep radial crack on OD. 
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O-Ring No.  2-63,   2-65.   2-70; Failure Mode:    1 

Radial fracture. 

O-Ring No.  2-64; Failure Mod?:   1 

One very deep radial crack on OD; several let.8 severe. 

O-Ring No.   2-67,   2-68; Failure Mode:    1 

Tvo deep radial cracks in OD. 

O-Ring No.  2-69: Failure Mode:   1 

Radial fracture - at foreign matter inclusion. 

Test Run No.   5:   250*F.  0.1   Watts/Ft2 Ultraviolet 

O-Ring No.  2-71,   2-76; Failure Mode:   3 

No defects visible. 

O-Ring No.  2-72; Failure Mode:   1 

Fractured radially; also deep radial crack on ID. 

O-Ring No.  2-73; Failure Mode:   1,   2 

Radial fracture; several deep radial cracks on OD and a few minor 
circumferential cracks at OD. 

O-Ring No.  2-74; Failure Mode:   1,   2 

Radial fracture - a few deep circumferential cracks. 

O-Ring No.  2-75,  2-77,  2-80; FaUuro Mode:   1 

Radial fracture. 

O-Ring No.  2-78; Failure Mode:   1,   2 

Deep radial crack on OD, connecting with network of circumferential 

cracks. 

O-Ring No. 2-79; Failure Mode:   1 

Deep radial crack on OD. 
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Test Run No.  6;   250*Ft   0.2  Watta/Ft2 Ultraviolet 

O-Ring No.   2-81,   1-82,   2-88; Failure Mode;    1 

Radial fracture; deep radial crack on OD. 

O-Ring No.  2-83; Failure Mode:   3 

No defect visible. 

O-Ring No.  2-84,   2-86; Failure Mode:    1 

Deep radial crack. 

O-Ring No.  2-85,   2-90; FaUure Mode:    1 

Radial fracure. 

O-Ring No.  2-87; Failure Mode:    1,  2 

Deep radial crack connected to a network of leaser circuTnlflrential : 

cracks. ' 
\ 

O-Ring No. 2-89; Failure Mode:   1,  2 ' 

Radial fracture; deep radial crack,  connected to network of 
circumferential cracks. ' ; 

J 
Test Run No.   7:   275T.   No Ultraviolet i 

O-Ring No.   1 -61; FaUure Mode:   1 f 

if 

Radial fracture. I 
i 

O-Ring No.  1-62; FaUure Mode:   1, 2 I 

Deep radial crack on OD;   several hairline cracks both radial i 
and circumferential; deep circumferential crack on internal ! 
mold line. ! 

O-Ring No.  1-63; FaUure Mode:   2 % 

Deep circumferential cracks near inner mold line.   A few hairline 
circumferential cracks on OD. 
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O-Ring No.   1-64; Failure Mode:    1,   2 

Deep radial crack on OD.    Several lesser circumferential cracks 
on both ID and OD. 

C-Ring No.   1-65; Failure Mode:    1,  2 

Network of circumferential cracks on entir« surface which cross 
mold line periodically.    One moderately severe radial crack. 

O-Ring No.   1-66; Failure Mode:    1,  2 

Several severe radial cracks on side connecting to a network of 
circumferential cracks on OD mold line. 

O-Ring No.   1-67; Failure Mode:    i,  2 

Deep radial crack connecting to network of circumferential cracks 
on OD.    Several deep circumferential cracks on ID. 

O-Ring No.   1-68;   Failure Mode:   2 

Circumferential cracks on both ID and OD. 

O-Ring No.   1-69.   1-70; Failure Mode-,    1,   2 

Deep radial and circumferential cracka on OD. 

Test Run No.  8;   275*F,   0.1  Watts/Ft2 Ultraviolet 

O-Ring No.   1-71,   1-76; Failure Mode:    1 

Deep radial crack across OD. 

O-Ring No.   1-72; Failure Mode:   1,  2 

Deep radial cracks acros» T'"». Hairline circumferential cracks 
at OD mold line. 

O-Ring No.   1-73; Failure Mode;    1,  2 

Radial fracture; very deep circumferential cracks at OD mold line. 

O-Ring No.   1-74; Failure Mode:   1, 2 

Deep radial and circumferential cracks. 
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O-Ring No.   1-75; Failure Mode:    1,   2 

Deep radial and circumferential crack« at OO. 

O-Ring No.   1-77; Failure Mode:    1 

Radial fracture; two deep radial cracks across CD. 

O-Ring No.   1-7S: Failure Mode:   1,  2 

Several deep radi.U and circumferential cracks. 

O-Ring No.   1-79; Failure Mode:    1,   2 

Deep radial crack,   connecfed to network of deep circumferential 
cracks at CD mold line. 

O-Ring No.   1-80; Failure Mode:    1,  2 

Deep radial tracks connected 'o deep cirv-umfertntial cracks. 

Tast Run No.  9:   27S'FI   0.2  Watts/Ft2 Ultraviclet 

O-Ring No.   1-81; Failure Mode:   2 

Deep circumferential cracks at OD. 

O-Ring No.   1-82; Failure Mode:   1,  2 

Radial fracture; slight circumferential cracks at OD. 

O-Ring No.   1-83; Failure Mode:   1,  2 

Deep radial crack on OD; slight circumferential cracks. 

O-Ring No.   1-84,   1-85; Failure Mode:   2 

Deep circumferential cracks on ID and OD. 

O-Ring No.   !-86; Failure Mode:   1, 2 

Network of deep circumferential cracks on entire surface which 
cross mold line periodically.   One moderately severe radial crack. 
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O-Ring No.   1-87; Failure Mode:   2 

Deep circumferertial cracka on ID,    Several lesaer circumferential 
cracks on OD. 

O-Ring No.  1-88; Failure Mod-s:    1,   2 

Deep circumferential cracka on OD.    Radial fracture. 

O-Ring No.   1-89; Failure Mode:    1 

Deep radial crack on OD. 

O-Ring No.  1-90; Failure Mode:    1,  2 

Deep radial crack on OD; connected to network of deep circumfer- 
ential cracka on OD. 
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APPENDIX V   PHYSICAL TEST METHODS 

This appenc'iv contains a description of th-» physical test method used in 
the hie testa conducted on each of :he four parts included in the study program. 

APPENDIX V-l    PHYSICAL TEST METHOD (SWITCHES) 

The switch test setup is schematically shown by Figure V-).    The lest set- 
up had provisions for testing two switches simultaneously.    A four lobe cam 
was used to provide the mechanical movement that displaced the roller leaf 
actuator ani in turn operated the switch plunger.    The test samples were 
mou.ned on the fixture and the necessary wiring connection »nade.     The over- 
travel was measured by optical means and the necessary mechanical adjust- 
ment of switch position made t^ z .hieve the desired overtravel condition of 
.005,   .010 or .015 inches.    The mechanical adjustment was made by mov^ng 
the switch mountirg plate toward the cam to increase the overtravel or away 
from the cam to reduce the overtra/el.    Overtravel is defined as the addi- 
tional plunger movement measured after the normal'-y open contact circuit 
has been completed. 

The electrical load was applied to the normally closed contact of the 
switch.    This load wa- established by using one resistor in series with the 
power source for the 5 .imp test condition.    The addition of a second resistor 
in parallel with the original resistor accomplished the 10 amp load, and a 
third resistor connected in parallel provided the 15 amp load. 

The rotational speed of the cam was adjusted by a variable speed drive to 
provide the desired actuation rates of 70,   150 or 300 cycles per minute. 

Electrical impulse counters were connected to the normally open contacts 
of each switch and were used to record the number of switching cycles.    Miss 
detectors were used to monitor both the normally open and the normally 
closed switching function.    At the time of i switch malfunction th« miss detec- 
tor opened the circuit to the drive motor and triggered the failure indicator 
to show which switch had the failure or miss.   All testing was conducted at 
normal room ambient temperature {bS'F to SO'F).    The jwitch test loads 
were obtained using 120 volts ac and a lOO'' watt load bank.    The cam pro- 
vided a sv/itching duty cycle of approximately 70% on and 30% off for the nor- 
mally closed contact. 

Th« following items of test equipment were utilized to provide the setup 
and test data: 

Item Instrument Accuracy       Data Measurement 

Caertner Scientific Co. *. 0001 inch Contact Overtravel 
Optical Measux-ing Device 
Serial # 1295P 
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It'. Instrument Accuracy Data Measurement 

Chatillon Gage ±2 grams Operate and release 
Cat.   #509-250 force measurement 
Spring Scale 

Triplet Meter ±3% Contact Resistance 

Westen Ammeter and i. 65% Switch load current 
Current Transformer 
H8984 
H93789 

The test procedure utilized in the performance oi" these tests is given m 
the following paragraphs: 

General - These tests shall be conducted at normal room temperature 
(o50F to 80*F) under coulrolled environmental conditions. 

Installation - Remove switch from sealed protective cover and install 
mechanically in test fixture and check for performance a« switch.    Adjus. 
overtravei to proper condition for test cell requirement by adjusting 
switch mounting plate in reference to cam lobe. 

With power off.   make electrical connections to the normally open (load) 
normally closed (counter),  and common contacts (power).    Connect the 
load banks to provide the proper teat current. 

5 amps - Single load bank 
10 amps - Two load banks wired i:i parallel 
15 amps - Three load banks wired in parallel 

Data Recording - Set counter» to zero.    Fill in values for test cell condi- 
tions and measure and record the following initial data: 

Contact resistance 
Operate force 
Release force 
Contact overtravei 

Turn on power and adjust drive for proper «witch actuation speed as 
specified for the test cell in process. 

Set miss detectors and remove detector bypass connection. 

Allow test to proceed until interrupted by miss detector.    Record first 
miss,   repeat mitial measurements,  and record data on data sheet in- 
cluding counter reading. 

If specified by test cell requirements,   restart and rest mis» detectors and 
repeat above procedure for second and third mis» data. 
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Upon completion of the number of misses specified by the test cell require- 
ment,   the appropriate miss detector shall be bypassed and the test continued 
to total failure of the switch. 

The switch shall then be remove» from the test setup and placed in an 
envelope having the proper identification on the exterior. 

In general,   the measurement accuracy of the various parameters was 
controlled by the measuring instrument accuracy.    Only in the cases of operate 
force,   release force and overtravel measurements would technician or 
"human" accuracy contribute to the actual measurement accuracy limits.     The 
contact resistance measurements using the Triplet meter however QO not 
result in highly accurate measurements for this parameter. 

In the case of operate force,  the plunger load was increased gradually by 
the spring scale until it was sufficient to actuate the switch contact to the 
normally open position.    The maximum reading of the scale was the operate 
force.     Two or more readings were used to achieve a repeatability confidence 
level.    Release force was measured in the same manner except that the load 
was gradually reduced until the switch contact returned to the normally closed 
position.    After familiarization and practice,   the technicians were able to 
consistently make repetitive measurements with a reading accuracy of ±2 
grams. 

The overtravel measurement was made with an optical instrument,   con- 
sisting of a magnifying lens system with a reference cross hair,   mounted to 
a calibrated vermer drive.    The accuracy of the vernier drive was ±. 0001 
inch for measuring the switch overtravel limits involved.    The switching cam 
was manually rotated until the normally open circuit was completed.    The 
vernier was adjusted to align the cross hair with a reference on the switch 
plunger and the vernier dial reading was noted.    The switching cam was then 
routed to its peak position and the vernier was readjusted to obtain the plunger 
reference-crosshair relationship and the ne- vernier was noted.    The differ- 
ence in the two readings represented the switch overtravel.    Through extensive 
familiarization and practice,  the technicians were able to consistantly repeat 
measurements to an accuracy of ±. 0002 inch.    Since it was established that 
overtravel data would be adequate if measured to the nearest . 001 inch,  the 
effect of "human" error in this measurement became insignificant. 

Actuation speed was measured by setting the variable speed control at the 
desired speed position and, with the test setup running, the counters were 
used to check the actual number of switching cycles for a 1 minute period. 
If necessary the speed control was readjusted and speed rechecked until the 
desired test condition was achieved. 

Since switch current was controlled by fixed value wire wound resistors, 
it was decided that periodic monitoring on a dai'y basis would suffice.     The 
initial setup was made by selecting 6 resistors with nearly identical resist- 
ance values and,  using a motorized Variac,  adjusting the voltage across one 
resistor until a 5 amp current was measured.    The variac drive motor was 
then disconnected and current was checked for the two and three parallel 
resistor circuits for 10 amps and 15 amps respectively.    A separate power 
line was u^   d to minimize voltage fluctuation.    The maximum error found 
during the test cycle was ±. 15 amp. 
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APPENDIX V-2   PHYSICAL TEST METHOD (RELAYS) 

The test method used for tne study program on relays was as follows:   All 
relays were subjected to initial screening tests at room temperature and at 
the life test temperature prior to the start of the cycling.    The screening test 
parameters measured were:   dc coil resistance,  contact resistance,  pickup 
and dropout voltages,  operate and release times,  and contact bounce.    Loads 
were resistive with an open circuit voltage of 28 Vdc.    All relay coils wer? 
energized with rated coil voltage (2b. 5 Vdc), 

Periodically through the life cycle of each part,   measurements were taken 
and recorded of: 

• Contact resistance - by measuring the contact voltage drop at the life 
test current level using the voltmeter-ammeter method and by calcu- 
lating resistance 

• Coil resistance - using a Wheatstone bridge 

• Pickup voltage - using a lamp circuit 

• Dropout "oltage - using a lamp -ircuit 

• Operate time - using an oscilloscope 

• Release time - using an oscilloscope \ 

• Contact bounce - using an oscilloscope. 

As the test progressed,  each cycle was recorded on temperature-sensitive 
chart paper using a Sanborn recorder.    The parts were monitored for first 
miss,  intermittent operation,  and catastrophic failure.    The analyst also 
recorded whether the failure-to-make was on the normally open or normally 
closed pos'ition. I 

Primarily,  the measurement accuracy of the various test parameters was i 
limited only by the measuring instrument accuracy.    Exceptions may have j 
occurred due to the human factor as stated in the following test conditions. \ 

i 
Oscilloscope measurements of operate and release time and contact bounce j 

may vary due to the slight parallax in the oscilloscope screen.    The measure- < 
ment may vary slightly depending on the technician viewing the oscilloscope. 

Pickup and dropout voltage measurements may vary with different rates ' 
of voltage chaage.    A rate of approximately 0. 1 volt per second was used » 
when approaching the criticaTpotential. 

The D, C,  coil resistance measurements were made as soon as possible 
after the interruption of the life test cycling.    The coil resistance was highest 
at this time,  due to the temperature rise of the relays during operation, and 
decreased steadily until stabilized at the ambient temperature.    The resistance 
was therefore dependent on the time lapse between the life cycle interruption ' 
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-»     Thn i-npaqurements were made within ten sec- 

each time to minimize variations. 

The load current was controlled by variable wire wound resistors and 
monUort°d after each life cycle interruption.    Regulated power supphes were 
used to increase stability. 

All ambient temperatures above room temperature were monitored steadüy 
until stabilized and daily thereafter. 

Cycling rates were controlled by «olid state devices to increase stability 
and monitored daily. 

The test equipments used on the relay test program are listed below.     The 
instrument accuracy limits are shown in parentheses. 

Equipment List EL-5138 

Oscilloscope, Tektronix,   535A 
Oscilloscope, Tektronix,   535A 
Oscilloscope, Tektronix,   535A 
Oscilloscope, Tektronix.   J35A 
Oscilloscope, pre-amp,   Tektromx,  type CA 
Oscilloscope, pre-amp,   Tektronix,  type CA 
Oscilloscope, pre-amp,  Tektronix,  type CA 
Oscilloscope, pre-amp,   Tektronix,  type CA 

H-75885 
H-102029 
H-180855 
H-762b^ 
H-77903 
H-77924 
H-77907 
H-46581 

(Sweep accuracy 
1-3%) 

(Amplitude 
calibrator 
accuracy - 3%) 

Digital voltmeter,   Non-Linear Systems.   V35RB,   510-03247 
Digital voltmeter.   Non-Linear Systems,   V35. H-1Ü19" 

D.C.  Ammeter,   Weston.  901,   0-1-5-10A, ^Itlll 
D.C.   Voltmeter.   Weston,  622.   0-30 V range H;47^2 

Resistance bridge.   Leeds k Nonhrup.  No.   5305, 520-02173 

MR 2432-200, 
MR 2432-iOO, 
MR 532-lbA, 
MR 532-15A 
LA 200-03AM, 
711A, 
71IA. 

D.C. Power Supply,   Perkin, 
D.C. Power Supply,   Perkin, 
D.C. Power Supply,   Perkin, 
D.C, Power Supply,  Perkin, 
D.C. Power Supply,   Lambda, 
D.C. Power Supply,  Hewlett Packard. 
D.C. Power Supply,  Hewlett Packard, 

Electronic counter.  Hewlett Packard, "tio* 
Electronic counter.   Hewlett Packard, 523BR, 

Square wave generator,  Hewlett Packard.   211A,  H-101912 
Square wave generator,  Hewlett Packard,  211A,  H-94532 
Amplifier,  Mclntosh,  H-45201 

±1 digit in lasc 
digit) 

(±. 5%) 
(±. 1%) 
(i. 1%) 

H-15975 
520-004^5 
520-01458 
520-01460 
H-102291 
520-00122 
H-31400 

H-180920 
520-01571 

(*1 digit in last 
digit) 
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Oven,   Tenney,   TMUF-100240. 520-01160 , 
Oven,   Blue M,   OV-475 H-4785' ; 
Oven,   Precision Scientific,   Model 18, H-41727 

8 channel Recorder,  Sanborn,   15C,   520-00533    FECL-4608 
4-0. C.  A.aplifiers,  Sanborn, dual channel FECL-8251,  8252, 8253,  8254 
model 150-2900 

4 channel Recorder,  Sanborn.   150,  H-18648 
4-D. C.  Amplifiers.  Sanborn,   single channel H-18649.  H-18650, H-18651, 
H-18652 

Thermocouple Bridge,   Rubicon,   2745,   520-02264(^,1%) 
2-Load Bank,   lab.   fab. 
2-Relay test fixtures,   lab.   fab. 
2-Relay cycles,   lab.   fab. 

APPENDIX V-3   PHYSICAL TEST METHOD (O-RINGS) : 

Figure V-2 illustrates the m'.thod of environn.ental stress application. 
The ou'line represents the temperature controlled oven which was set for the 
required temperature stress level.    The chamber was set up to simultcineously 
supplv the three levels of ultraviolet exposure.     This condition was achieved 
by using an opaque shield for the "no ultraviolet'   level,   setting the bulb-to- 
O  ring distance for 0.2 watt/ft^ and providing a      yifdistance-from-bulb I 
relationship for the 0. 1 watt/ft2 and Ü. 2 watt/ft2 level».    The bulb-to-O-ring | 
distance was periodical./ reduced to compensate for the V ;ht output decrease t 
arsociuted with bulb aging. ' 

The O-rings were installed in individual test blocks and were not removed i 
until failure was evident.     This minimized the possibility of darrte by mis- 
handling or from installation and removal.    The test blocks were mounted on 
the pressure test fixture illustrated by Figure V-3.    A hydraulic pn ssure j 
of 1500 psi was applied for a period of 1 minute and then released.    This cycle ■ 
was repeated  i times for each test cycle.    The O-ring and test blocl were | 
rerpoved as a unit and washed with gasoline to remove the hydraulic   nl. ! 
After dr/in«,   O-ring and test blocks were placed in the appropriate • wiron- | 
ment chamber.    Periodically the test specimens were removed from tne 
environment- chamber,  allowed to cool,  pressure tested,  cleaned and returned 
to the environment chamber.    This was repeated until failure occuned. 

Tha following items of test equipment were used in the testing procedure: 

Item Function 

Tenny Oven Temperature environment 
520-011528 

Dispatch Oven Temperature environment 
Serial ^52517 

Ultraviolet Lamp Ultraviolet environment 
G8T5 
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Item Function 

Crosby Model AIH Induate test pressure 
1300 psi ga^e 

Blarkhawk Model PI 51 Hydraulic   Test Pressure Source 
Hydraulic  Pump 

The specific  steps in the O-rinij test procedure are as follows: 

Visually inspect O-ring for manufacturing imperfections and carefully 
install in test block with identification dots on the exposed surface. 

Mount O-ring and test block on the pressure test fixture and raise hydrau- 
lic pressure to  1500 psi for approximately  1  minute.    If O-ring passes 
initial pressure test,   remove block and ring from test fixture,   wash in 
pan of gasoline and carefully blot with a cleat cloth until dry. 

Record environmental exposure information on data  sheet.    Place O-ring 
and test block in oven and expose to the proper level of ultraviolet light. 

None - Place in shield area 

0. I watt/ft    -  set block in position 14" from bulb 

Ö. 2 watt/ft" -  set bulb at 9. 9" above O-ring 

Reduce the vertical height of the bulb by 0. 1" each 7 day period to compen- 
sate for bulb aging.    Replace the bulb at 10 week intervals   vith a new bulb 
that has been "burned in" for  100 hours. 

O-rings exposed to the 275CF environment shall be pressure tested at 
24 hour maximum intervals until failure.    Pressure testing shall consist 
of following the initial test procedure exceot it shall be pressurized to 
1500 psi for three cycles for each test. 

O-rings exposed to the 250oF environment shall be pressure tested at 
48 hour maximum intervals in the same manner as the ZTS'F O-rings. 

O-rings exposed to the 20üoF environment shall be pressure tested at 
maximum 4 day intervals in the same manner as the 275°F O-rings. 

When failure is evident,   remove the O-ring from the test block,   wash in 
gasoline,  and place in an envelope having the identification information on 
the exterior. 

APPENDIX V-4   PHYSICAL TEST METHOD (TIMING BELTS) 

Figure V-4 is a schematic  representation of the Timing Belt test setup. 
Three complete setups were in use on this program to provide a fixed load 
condition of 1/15 H. F. ,   1/8 H. P. ,  or 1/4 H. P.    Each consisted of 5 belt 
test positions in series between the input and load providing a .total of up to 
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15 Timing Belt» underccung tests at iny one tin.P.     By instillirnj ciitfer.nt 
pairs of pulley (12,   IS or   18 tooth) on the proper load setup a  lombination 
of tests unild be running  simultaneously.    Water pumps vrre utih/od as 
driven loads.    Since the tests \«.ere to  run 24 hours per uay inv luf'.inu week- 
end»,   a tat.-generator connected mechanically to rarh pump  snait w.'s used 
to open a relay \n the drive motor power line at ihe time  of a belt failure. 
This also interrupted the running time meter for the setup and provided the 
time-to-iailure information.     To minimize test setup failure s,   the   1/1SH.P, 
and  1/3». P.   loads were dnv       by  1/4». P.   motor s whi le the   1/4 H. P.   load 
was driven by a  1/2 H. P.   motor.    A vanac was used to bring the motors up 
to speed gradually rather than subjecting the belts to the excessive full   start- 
ing torque of the oversize motors.     This also prevented "tooth jumping" 
during the »fartir.a cycle on the  1/4 H. P.  test setup. 

Th- following items of test equipment were used in the  setup; 

Item Function 

Vai-iac Control starting torque 
General Radio 
Type W3MTi 

Tac-Generator Provide relay interrupiion 
Madison Electric  Products of power line 
Type M2P 

Running Time Meter Indicate running time 
Aero Instrument Co. 
Type bl 134 

The general test instruttiono are as follows: 

General - These tests  shall be con ".ucted at normal room temperature 
(65" to 80oF) with no uncontrolled environmental conditions introduced. 

Installation - Visually inspect the belt for obvicua imperfertions and,   if 
none  exist,   install it on the proper test setup for the load environment 
required for the desired test cell.     The installation should utilize a pair 
of pulleys of the proper size as indicated for the test cell.     The pulley 
center distance must be adjusted to provide no initial belt tension and so 
that a light finger preidure at the center of the belt deflects it approxi- 
mately 1/8".    Care must be exercised to obtain parallelism between 
shafts and an in-line condition (or the pulleys. 

Enter the test conditions on the data <heet including the reading from the 
running time meter.     Using a variac,   gradually increase the voltage to 
the drive motor until it has been brought up to running speed. 

Inspection - Twice a week,   stop the setup and inspect belts for signs of 
cracks,  wear,  or other Helcnoration.    Any indication of deterioration 
shall be noted on the test data sheet. 

Continue the tests until belt failure occurs. 
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APPENDIX VI   WEIBULL PLOTS OF   I EST RUNS 

VI->    SNAP ACTION SWITCHES 

E.ich of the 27 lest tans,   consistin« of 10 switch««« each was plotted on 
Wnbull orobdbihty papor (Figure» VI    I  thru VI-27).     The line o( best fit »a« 
drawn throa^h the plotted points based on a linear regression performed on a 
computer.    The scales used on the cycles to failure axis were  selected only 
lor the purpose ol convenience in presenting the data on the graph.    Earh lii- 
ure is identified by the Test Run number,   the level of each accelerating stress 
usca,   .md aUo shows the Weibull shape parameter (ß) and the seal'- parameter 
(Of).     The (Of) shown on each graph is a coded value which is dependent on the 
time  ^cdle used.     To convert the a to an uncodn state tha* is independent of 
the time  sc.ue used on the  graph ptper and hence is the true estimate of CI, 
the lollouinj; conversion method is used: 

Suppose X is the random variable with density function: 

F(X) =  1 - e a 

Now suppose X is multiplied by K,   - " < K < •.    Then the cumulative dis- 
tribution function of Y,   where Y  - KX,   is: 

-4 5 
F(Y) = 1 -e    K  ^ 

ß 
which is Weibull with beta = (3 and alpha =• a* = K a. i 

Hence,  multiplying X by K has the effect of rncreasing a by Kp and has no 
effect on J. ! 

i 

Now suppose X is Weibull with the same density as above and a constant is , 
added to X, i. e. ,  Y = X + K,   -* < K < •. 

Then,   since X ?  0,   Y  - K 2   0 and i 

(Y - K^ 

F{Y) = 1 -e 

and Y has a Weibull distribution with the  same (»and ß as before but with a 
guarantee time K introduced. | 
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lo illustrate this,   observe in   he Weibull plot of Test Run #1,   the time 
sc.ile is cy  U-s to first miss XIOA     The  In a ^  -3. 176 and dt =  24. 05.     The 
value 24. 0^ is coded and to conv-rt it to its actual value,   the following oper- 
ations arc performed: 

«o = ^ • KP 

3    ^  24.05 x  105^ 
o 

a    =24.05xl05(4-07) 
o 

a   =  53,848 x 1017 

o 

where 

K   =  105 

ß    ^ 4. 07 

a    = uncoded value o 

"K = coded value 

The ordinate scale on the Weibull plots,  Percent Failure was plotted at'the 
median rank values (Reference   13) for a sample size of 10.     The subscript on 
a indicates the power of ten that the original data was divided by.    The 
over the a,  ß's indicates these are graphic estimates of the true or and ß's. 
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vHPi s:>:x vu conudi.nci: uvusjob wr.ihv..L rAR.\Mi;rrRs

• u‘< .*> A «qiiirr« i>ni- to r^limatr ttii- r trirlrr• ot the
Wi kt •tfilxiti -n \irlil* > >nliit«-n»r ii’rut* '.>r I <n«l >5. thf p^r.^mrlrr* of
Ifir W* it»uiJ.

IrTTnl * *»*“•«'
tSr »lup<- i>l thi- •traitfht linr, •ay. b i» th«-n rqual to 4 arvJ Ihr inlrrcc^t uf thr 
•traight hnr (ay a it tuch that

a - •>

to that

• » O

Ity thr uou.it t«chniqiir» in «rttini! confidrrcr limito for thr trur valurt of 
thr •lop, and intrrcrpi. cjnlidrncr limit* for >’ arc obtainrd directly by utir.g 
b. thr »'d rrrui of rtlini.itc. »y. and thr t diotribution. Confidrnrc limit* for 
il.irr obtained by utinit a. thr *td error ol rttima'.c. thr t distribution and the 
relation:

a - r and deeodinK thi upprr and louer limits.

rg (test run tb twitchrs) 

S
*.975 •aft . 025

a -.2t»5

*. 025 * * * V 025

a -l.Ull

hence

®.025 ^‘'’** ‘

; -f ■



a97^r'-,0,,,^.746 

but those conJicirnce limits J»r<» for abasrd on the r»ndom vari 
thu» (of «ctual <Uta 

a 0^5 » 1. 336 x (lO3) »5.970x10° 

1.33 7 
a 975 = 2. 746 y (lO3) »1.226x10 

,   . ,    /actual lifA 

t.ii*-***. 025 
y v 

= 1.33 + . 325 

= 1.655 

P  „5=1. 33 -.325 

= 1.005 
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APPENDIX Vm    MATHEMATICAL MOOKL? 

VIII-1    The derivation ol the model 1 proposed in »ettion 4. } is mven belovw. 

The instructUMir on how to return tu normal condition»,   given «otne futurt 
tr»t at »imilar accelerated condition» a« in this report is now obtainable lor 
model  1.     Based on the assumptions clearly: 

»A = ßN 

•o that (A-l) 

and since from (6) 

aA = c       ^ = c       «N 

— "»'it 
 ^ aft =-r- <A-2) 

c^A 

where 

■ft)  -ft) 

and c is estimated from this report by 

1/& f (A-3) 

where ß is an estimate of ß based on a combination of ß.   and ß... 
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VII1-2    The drrivation of the al^jnthm fur model 2 i» as follow« («re Section 
4. 4) 

Since 

** ^A 

then 

^N = ^A 

and hence 

^ = <J^ 

Since 

«N 

aA 

then 

■N. 
aA 

/N/J 

and hence 

o* .      ^ 

(A-4) 

^N/3 
(A-5) 

VI1I-3   The derivation of the algorithm cf model 3 of section 4. 5 it given 
below.    As in that section it is assumed that the physical law is such that: 
^(x) is always the same, i. e. ,   g(x) = g*(x) where g<x) i« the TFC for this 
report and g*(x) is the TFC for a future accelerated test.    Then: 

^'08©+^IOS"■'][log(l),t10,• 

(A-6) 
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this is a straight line in log x henc<; if equality it to hold (or all x (more than 
x is all that is necd^H) i; must be thit: 

L log /V) s i   log (%\ 

and 

so that 

PN '-*X 

and hence 

P'Ä ^x ^N 

^A 

(A-7) 

(A-8) 

Inspecting equation (A-4) of section VIII-2 and noting that from (13) of 4. 2 

T' PA 

it can be seen the algorithm for ßA is the same as the model of section 4. 2. 
Similarly (A-6) implies 

Oft =  (A.9) 

© PX^; 
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and hence 

««  . ^  =--r-^  (A-10 
o»\        .     /or. 

N'KN -^PX'^M Pa'^ 

and from section 4. Z(A-5,   13,   14) 

art oft 

C k ̂Ä^N 

(A-ll) 

which is the same as (A-10). 

VIII-4   7ho proof that the TFH (defined in 4. 6) and the TFC (defined in 4. 5) 
are never identically equal is given below. 

If 

'P , ,   /"AA1'^'1   V1   (aA\Ul A
     PN/ßA 

then it must be that 

-^"" VVAV ■ vvvlo' -' t '08 fö) ^ '08 x        ,A•13, 

these are straight lines in log x and if equal for more than one x their slopes 
and intercepts must be identical,  hence 

iJJ9 
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Fran' (A-10 and (A- 13) thon Ihr intcrcrpts must satisfy 

^)-rM$ (A-l^) 

■>   A   -\  - ß,    pro'idoda^ ^ a^, <A-lfa) 

and this equation has no solution in th.- uold ol n-al nunbers.    It aA = O^ and 
ß.    -  (iv. (a tnsial situation) llu-n j(\) -  i;(\) lor all x. 

As an example in the e\ponontial case (^ " ^jvj "  ^ 

i* 
(A-17) 

and thort- i-H no jl\) such that (A-17) is  satvslifd,   i. c. .   r.o composition function 
exists.    Hwwevcr there exists a lunclion j'tt) SL-ch that 

hN(x) - j,(N)hA(x) (A-18) 

since 

hN(x)-^-   andhA(x).J- 

(A-18) implies »hat 

1 1.   .    > 

1 \ (A-19) 

It will be noted that g(\) - j  |\) wlun and only when x -  1. 
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The derivative of the alRonthm ol model 4 ol  section 4.6 bated on con«t,int 
TFH is given below. 

v ^.-l 

(A-20) 

(ßx-D +1 (A-zi) 

and also that 

^ = /aA^N TSSY ̂
-1/PA-1 

(A-22) 

hence 

^N"1   ,V, ^'fr^-1^1 
(A-£3) 

and 

"(# ̂
-»'V1 

(A-21) 

where ^A in (A-24) is found from (A-23).    It *i»ould be rtmembered tli..t a. 

P   .  OL,.,   ßw are ^wen in this report,   so that whin cY^   .i.(; ^^ in- obtmrcd 

OÄ and ßA are estimable. 



VIII-5   The derivative of the algorithm of model 5 of section 4. 7 (CRH) is as 
follows. 

h*(x) 
K^hT^ 

Now 

"N ._. ^ K(x)' —r^T-3"0 K*'" —(jpr 

Of A aX 

Kt   ,     ^N    PN-^A     rfK«   .-^N /Ä-PX (A25) K(x) = TTT" x and K*<x) - ^»3?  x IA-25) 

and (19) in Section 4. 7 requires that 

VN JVPA.^/ä-PX (A.26) 

which means 

log (vl)+ (PN ' PA) log x = l08 wf)+ (ßfi"ßX) log 

hence 

PN " PA - PÄ - PX 

^ = PX + {,iN - PA» (A
-
2?) 
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and 

Of   3 iT* ^.* 

(A-28) 

and hencr the algjnthms lor estimating O^ and pj^ are 

^A\ ¥^ (A.3C) 

where ?* in (A-3C) is obtained irom (A-29) and äA.  )5A>   0^.  i*N are given thit 
report. 

VI11-6   A» previously indicated the validation of the mathematical model is a 
task for £uture investigation.    However in order to show how to use the 
algorithm» associated with the various models the following examples are 
given for switches.    The äf and frj were assumed for sake of illustration and 
nothing more.    They are not actual results of an accelerated test. 

Suppose that in a future accelerated test: 

Oj = 1,000.000 

^ = 3. 06 

From this report it was learned that: 
*. 17 

Normal conditions (test run 1)0^= **. 848 x 10 

*N - 4. 07 

Accelerated Conditions (test run 14) Of^ = Z, 259, 241 

?A.1.53 
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Thrn rMim^tr* ot .^ and ß*.   i. f. .  Oj^ and ?*  arr given,   by model.   ** foUow« 

(»ee Table -4^): 

Model  1; ^ 
-  J. 06 

^ 
1.000,000 

(4i x 10"1 

106 

(1764)- 10"34 

X* I 
.-40 '^      1764- 10 

Model 2 4.):     ?* = (^j 3. 06 

Model 4: 

Model 5: 

|J*  =■ S. 14 

^ 
*   = I 

^5 1764-10 

£*  =  U.92 

-        (1,000.000 x 1Z. 9^) 
"N " 3. 06 

(2,259.24nM  07) 
[53.848. 1010(1.53) 

l^) 

4.222.222 

(42 x 10"l7)(2. 66)4 

«ft 
*   s 

4.222.222 
-17 4 (in.? x lo. "r 

: 3.06 + (4.07 - 1. 53) ?^ = 5.60 

. [(53. 848 x 1017)(1.S3)1   ^1. 000. OOOUS. 60) 
^ "    [■(2.25').24l)(4:07)   J {TOUT 

a* - 16,154 x 10 
17 
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